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Nitrite contaminants in freshwater streams, resulting from run-off of fertilizers and livestock farming, are
a major ecological challenge. Here, we have developed a new family of catalysts based on Pd/Al2O3 coated
with N-isopropylacrylamide polymer (p-NIPAM) brushes that increase N-N bond formation over N-H
bond formation, promoting nitrogen selectivity by 3-fold, reaching >99% for the Pd/Al2O3 containing
20 wt% carbon in the form of p-NIPAM, without significant drops in catalytic activity (TOF of c.a.
6.8 ± 1.1 min�1). Strikingly, rigorous mass transport studies revealed that the presence of p-NIPAM does
not limit the transfer of molecules during the hydrogenation of nitrites in aqueous phase. These observa-
tions were corroborated by detailed reaction kinetics in which similar activation barriers for nitrites dis-
appearance of 30–34 kJ mol�1 were obtained regardless the polymer content. The observed reaction
orders for nitrites were similar on the coated and un-coated catalysts, indicating that the rate determin-
ing step, most likely NOX-H bond formation, remained unaltered. The apparent barriers for ammonia for-
mation, however, drastically increased from 41 ± 3 kJ mol�1 on Pd/Al2O3 to 63 ± 4 kJ mol�1 and
76 ± 5 kJ mol�1 on the 7 and 20 wt% C counterparts, respectively. Contrary to the widely accepted oper-
ation mode of thermo-responsive catalysts containing p-NIPAM brushes, we demonstrated that these
polymers modify the chemical environment near the active site as shown by in-situ ATR data, tunning
the catalyst selectivity without altering the molecular transport. These results will facilitate the develop-
ment of more selective catalysts for liquid phase reactions relevant for drinking water purification.

� 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Intensive usage of synthetic nitrogen-based fertilizers (i.e.
nitrate salts and ammonia) has accelerated the adventitious
release of nitrates to groundwater and surface water as only c.a.
20% is absorbed by plants. This has led to major issues in drinking
water supply as prolonged consumption of nitrites can lead to dia-
betes, liver damage, and methaemoglobinemia (blue baby syn-
drome).[1–3] Likewise, these nitrogen species can have
detrimental impact on biodiversity due to the eutrophication of
water bodies,[4] global warming as N2O, released during natural
denitrification, has a potent greenhouse effect,[5,6] and human
health as NO and N2O are responsible to the formation of harmful
tropospheric ozone.[7] For these reasons, the World Health Organ-
isation (WHO) stablished stringent guidelines for the maximum
level of nitrate (50 mg L�1 NO3

�), nitrite (3 mg L�1) and ammonia
(1.5 mg L�1) in drinking water.[8] Here, biological denitrification
plays a major role in reducing nitrites to nitrogen. However, the
rates of natural denitrification reactions are insufficient to compete
with the fast rates of anthropogenic nitrate release.[4] While other
alternatives based on membrane separation technologies can
remove nitrates from drinking water, the highly concentrated
effluents generated must be treated prior disposal back to natural
water bodies. In contrast, electro- and thermal- catalytic hydro-
genation of nitrites to nitrogen offers fast reaction rates at room
temperature, high selectivity to nitrogen, and stable operation in
aqueous environments that facilitate practical implementation in
a continuous process. The first step in the process is the reduction
of nitrates (NO3

�) to nitrite (NO2
�), which is relatively slow com-

pared to nitrite reduction. Activation of the relatively stable nitrate
ion requires a bi-metallic catalyst, i.e. Cu/Pd.[9] The conversion of
nitrite is faster and can be readily conducted on Pd, however, selec-
tive conversion to nitrogen is challenging due to the co-production
of ammonia (Eq. (1) and (2) with free energy values at 25 �C
(298 K) [10]).

NO�
2 þ 2Hþ þ 3H2 ! NHþ

4 þ 2H2O DG
� ¼ �508 kJ mol�1 ð1Þ

NO�
2 þ Hþ þ 1:5H2 ! 0:5N2 þ 2H2O DG

� ¼ �428 kJ mol�1 ð2Þ
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Conversion of nitrite to ammonium is not desirable as its toxi-
city is even higher than that of nitrites. Thus, quantitative conver-
sion of nitrates to nitrogen is essential for practical
implementation of catalytic reduction strategies. Hörold at al.
[11] reported that Ir and Rh have high ammonium selectivity while
Pd is more selective to N2 formation. While there is significant
debate about the exact mechanism operating in this reaction it is
generally accepted that NO2

� quickly converts into NO* on Pd sur-
faces, which can either form N2 or fully hydrogenated NH3*. Recent
kinetic studies on Pd showed that nitrite hydrogenation must
involve multiple pre-equilibration steps of hydrogenation of sur-
face species before the rate determining step (RDS).[12] This
description matched previous in-situ and operando infrared spec-
troscopy that identified NO* and NOxHy* species as relatively
stable intermediates during nitrite reduction on Pd. [13] While
the kinetics of this structure insensitivity reaction [14] are fast
even at room temperature [15,16], the strong dependance of the
selectivity to the local chemical environments [10,17–19] greatly
complicates the control of the undesired ammonia formation
reaction.

In an attempt to control the reaction micro-environment near
the active site, so-called nano-reactors consisting in a catalyst
metal cluster encapsulated in a small cage, have gained increasing
attention due to the fine tunability of the nano-reactor shell and
metal clusters.[20,21] When applying polymer shells as responsive
hosts for metal catalysts,[22–26] it is possible to regulate the trans-
port towards the catalyst according to the solvation state of the
polymer shell, mimicking the exquisite selectivity and catalytic
activity found in enzymes.[20,26,35,36,27–34] In stimulus-
responsive nano-reactors the coating is composed of a polymer
that can undergo reversible phase transitions. In the swollen state
molecular transport through the membrane is unrestricted allow-
ing the reaction to occur. Upon reaching a critical solubility point,
the polymer collapses forming a dense polymer layer that strangles
molecular diffusion to the active site.[37,38] The transition
between swollen and de-swollen states can be tuned by modifying
the chemistry of the polymer vesicle.[39–41] Here, poly-n-
isopropyl acrylamide (p-NIPAM) is one of the most widely studied
stimulus-responsive polymer employed in the fabrication of nano-
reactors.[23] This temperature responsive polymer leverages the
enthalpic H-bonding interaction between the ANH and C@O
motives in the polymer chains and water molecules to stay sol-
vated at low temperatures (Low Critical Solution Temperature
(LCST) is 32 �C).[42,43] As temperature increases above the LCST,
the hydrogen bonds are destabilized due to the increase in entropic
contributions to the Gibbs free energy. In the absence of solvating
water molecules the Van der Waals forces between polymer chains
leads to the collapse of the polymer forming a globular-like struc-
ture.[44]

The theoretical description of stimulus-responsive nanoreactors
with a so-called yolk-shell architecture was recently developed by
Ballauff and Dzubiella.[25,45,46] In this description the authors
argued that the experimentally measured reaction kinetics will
be analogous to electrical transport through two resistances in ser-
ies as long as the kinetics are first order. That is that the inverse of
the apparent kinetic constant of the nano-reactor is the summation
of the inverse of the rate constants of mass transport (kd) and sur-

face reaction (kr) (k
�1
app ¼ k�1

d þ k�1
r ). In essence, as the rate of diffu-

sion decreases due to the conformational change of the polymer
shell from the swollen to the collapsed states, the contribution of
the mass transport to the observed reaction kinetics becomes more
prominent. The intrinsic catalytic activity of the catalyst (kr) is
assumed to be the same as that observed on a non-coated catalyst,
while the transport constant (kd) was assumed to follow a Debye-
Smoluchowski permeability-dependent diffusion.[45] However, in
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this description the authors did not consider the solvation effects
that these complex polymeric environments can exert on the sur-
face reaction intermediates and, consequently, transition state
energetics of catalytic reactions. This is particularly relevant in
the absence of mass transfer effects (i.e. kd� kr). In this case, the
authors argued that the reaction rates and product selectivity
observed on the coated catalyst are essentially unaltered by the
presence of the polymer. Furthermore, this description has been
limited to model yolk-shell systems consisting of well-defined
polymer gels containing catalytic metal nanoparticles. As a result,
extrapolating this theory to more practical systems relevant for
industrial catalysis, typically consisting of metal nanoclusters sup-
ported on porous metal oxides, remains highly unexplored.

In the present contribution, we explore the utilization of p-
NIPAM brushes covalently attached to the surface of porous alu-
mina supporting palladium clusters (Pd/Al2O3). Atom transfer rad-
ical polymerization (ATRP) synthesis strategies are used to create
micro-solvation environments for tuning the selectivity of nitrite
hydrogenation to nitrogen and ammonia. Our detailed mass trans-
port studies, rigorous kinetics, and in-situ infrared spectroscopy
demonstrate that polymer brushes can induce local changes on
the surface adsorbed species during the reduction of nitrites on
Pd that lead to increased nitrogen selectivity without altering the
reaction kinetics. More importantly, these results suggest that
polymer brushes do not affect the mass transport of reactive spe-
cies when bonded to amorphous Al2O3 support. These observations
pave the way towards the utilization of polymeric-catalyst modi-
fiers on industrially scalable catalysts for precise tuning the reac-
tion selectivity of hydrogenation reactions relevant for pollution
control and production of fine-chemicals.
2. Materials and methods

2.1. Materials

For the catalyst synthesis gamma alumina support (c-Al2O3)
was obtained from BASF (Al 3992E 1/800). Palladium precursor
tetra-amine-palladium (II) nitrate solution (10 wt% in H2O, 1360–
08-6), sodium nitrite (99.99%, 7632–00-0), ammonium (25% v/v
water, 1336–21-6) were obtained from Sigma-Aldrich. For the
polymerization N-isopropylacrylamide (NIPAM, 97%, 2210–25-5),
3-aminopropyltriethoxysilane (APTES, 99%, 919–30-2), trimethy-
lamine (Eth3N, 99%, 75–5-3), a-bromoisobutyrylbromide (BIBB,
98%, 20769–85-1), copper (II) bromide (CuBr2, 99%, 7789–45-9),
1,1,4,7,10,10-Hexamethyltriethylenetetramine (HMTETA, 97%,
3083–10-1), L-ascorbic acid (99%, 50–81-7) were also obtained
from Sigma-Aldrich. The solvents n-hexane (99.4%, 110–54-3),
Tetrahydrofuran (THF, 109–99-9), ethanol (64–17-5) and methanol
(67–56-1) were obtained from Merck. The molecular sieves (4 Å,
4–8 mesh, 70955–01-0) used to dry THF were procured from
Honeywell. All the aqueous solutions were prepared using ultra
purified water obtained from a water purification system (Milli-
pore, Synergy).
2.2. Catalyst preparation

2.2.1. Palladium supported on alumina synthesis
Palladium on alumina catalyst was prepared by wet impregna-

tion. First, c-Al2O3 powder was sieved with a particle size of 0–
38 mm (Fig. S8 shows the c-Al2O3 powder with a mean size of
27 mm) and calcined at 600 �C for 4 h to remove any organic con-
taminants. For a typical synthesis of 3.5 wt% Pd/Al2O3, 10 g of c-
Al2O3 were dispersed in 100 mL of DI H2O and 4 mL ammonium
hydroxide solution was added dropwise to adjust the pH to 9.
Then, 12 g of tetra-amine-palladium (II) solution (10 wt%) were



Maria João Enes da Silva, L. Lefferts and Jimmy Alexander Faria Albanese Journal of Catalysis 402 (2021) 114–124
added dropwise to the suspended solution and stirred for 1 h at
room temperature. Afterwards, the water was removed with a
rotary evaporator in vacuum at 70 �C. Palladium supported on alu-
mina was calcined in air for 3 h at 400 �C (flow rate of 30mLmin�1).
After calcination, the system was purged with nitrogen for 30 min
at 400 �C (30 mLmin�1) before conducting a reduction in a mixture
of 50% hydrogen in nitrogen at 400 �C for 3 h.[12,47].

2.2.2. Polymer brushes growth on Pd/Al2O3

Poly(n-isopropylacrilamide) (p-NIPAM), shown in Fig. S1a, was
chemically bonded to Pd/Al2O3 catalyst surface via atom transfer
radical polymerization (ATRP) method, which typically results in
a well-defined structure and controlled molecular weight of the
polymer chain.[48] The polymerization was made on a bromide
functionalized Pd/Al2O3 catalyst, where the reactants NIPAM/
CuBr2/HMTETA/ ascorbic acid in the molar ratios 900/1.5/15/10
were dissolved in a solvent mixture of methanol/ water
(4: 1 v/v).[49] The ‘‘grafted from” radical polymerization started
with the N-isopropylacrylamide purification by recrystallization
with hexane followed by storage below 4 �C. For the surface func-
tionalization, the surface coverage of OH groups needed to be max-
imized. Therefore, the palladium alumina catalyst (5 g) was
dispersed in water and the pH was adjusted to 10 by adding
0.1 M NaOH and stirred for 30 min. Then, the particles were rinsed
three times with ethanol. 3-aminoprupyl)triethoxysilane (APTES),
as shown in Fig. S1b, was used as the coupling agent to bind the
n-NIPAM monomer to the -OH at the alumina surface. For that,
the Pd/Al2O3 particles were dispersed in 100 mL ethanol and sub-
mersed in a water bath at 40 �C with a condenser to avoid ethanol
evaporation. The reaction started by adding 2.5 g APTES into the
mixture and stirred for 3 h. Then, particles were rinsed with ethanol
followed by two sequential washings with THF. For the initiation,
the APTES modified Pd/Al2O3 catalyst was dispersed on 60 mL of
THF, where 2.5 mL of BIBB and 3 mL of Eth3N was added to start
the reaction. The reaction was proceeded for 30 min under rigorous
stirring. At the end, the bromide functionalized Pd/Al2O3 were
rinsed with THF followed by four sequential washings with ethanol
and methanol. For the polymerization, NIPAM/CuBr2/HMTETA/
ascorbic acid in the molar ratios 900/1.5/15/10, dissolved in a sol-
vent mixture of methanol/ water (4: 1 v/v) was used. The procedure
consists of preparing two solutions under continuous stirring and
N2 atmosphere at room temperature. Solution (1) containing CuBr2,
HMTETA, methanol, and water. After 15 min under N2 atmosphere
L-ascorbic acid was added. Solution (2) containing NIPAM, bromide
functionalized Pd/Al2O3 particles and the same water/methanol
ratio as the other container. After 30 min, the solution (1) was
added to the solution (2) starting the polymerization. After 6 h,
the polymerization was stopped by adding the mixture to a metha-
nol and water solution (4:1 v/v) and rinse the particles four times
with DI water. To increase the polymer brush content, the polymer-
ization was continued for 24 h and the reactants concentrations
were increased three times.

2.3. Catalyst characterization

2.3.1. Palladium alumina and polymer coated catalyst
The active metal surface area was measured by CO chemisorp-

tion at room temperature (Chemisorb 2750, Micrometrics, gas
phase). After reduction in H2 for 1 h, the catalyst was flushed in
He at room temperature during 20 min, followed by adsorption
of CO in pulses. The palladium loading was measured by X-ray
micro-fluorescence spectroscopy under helium atmosphere (Bru-
ker S8 Tiger 4 kW wavelength dispersive l-XRF spectrometer).
The powder sample was measured as-received without any further
pre-treatment and analysed using the Quantexpress program. N2

physisorption at �196 �C was employed to determine the textural
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properties of the catalysts using a Micromeritics Tristar 3000 ana-
lyzer. Prior the N2 adsorption experiments the palladium alumina
catalyst was degassed at 300 �C for one day. In the case of the p-
NIPAM polymer coated catalysts the degassing was conducted at
180 �C for one day. TEM (Tecnai F30) images were taken by Scan-
ning Transmission Electron Microscope - High-Angle Annular Dark
Field (STEM-HAADF) in a Cs-probe corrected Titan (ThermoFischer
Scientific, formerly FEI) with 300KV and coupled with a HAADF
detector (Fischione). The catalyst composition and distribution of
carbon, alumina, oxygen and palladium was measured with X-
Ray Energy Dispersive spectroscopy (EDS) topography with an
Ultim Max detector (Oxford Instruments).

The atomic surface concentration and oxidation state of the dif-
ferent elements in the catalyst was determined using X-ray Photo-
electron Spectroscopy (XPS). A Kratos AXIS Supra spectrometer
using a monochromatized AlKa source at a power of 15 kV and
8 mA (120 W) and a pressure of 1x10�9 Torr was employed to ana-
lyze the catalysts without any pre-treatment. High resolution nar-
row scans were performed at constant pass energy of 20 eV, while
wide scans were performed at analyzer pass energy of 160 eV. The
C 1s (C-C) peak from the carbon-based contaminant with a litera-
ture value of 284.8 eV was used as a reference to calibrate the XPS
spectra and eliminating charging effects.[50] Fitting has been car-
ried out using Casa XPS software. The catalyst support particle size
distribution was measured by Dynamic Light Scattering (DLS)
using a Malvern Mastersizer 2000 with hydro 2000 s module.
The polymer content on the catalyst surface was determined using
elemental analysis (CHNS-0 Analyzer, Thermo Scientific) and
thermo-gravimetrical analysis (TGA, Mettler Toledo). For the TGA
experiments the sample was first purged in a mixture of 50% syn-
thetic air in Ar (total flow rate 50 mL min�1) until the sample
reached 25 �C (10 min). Then, the composition was changed to
100% synthetic air with a 30 mL min�1 flow and heated up to
1000 �C at a ramp rate of 10 �C min�1. The NO2

� adsorption on
the palladium surface was measured with Attenuated Total Reflec-
tion Infrared spectroscopy, ATR-IR, in a home build setup (shown
in Fig. S2a). [51–54] The cell was mounted within the sample com-
partment of an infrared spectrometer (Bruker Tensor 27) equipped
with a Mercury Cadmium Telluride (MCT) detector, cooled with
liquid N2. To stabilize the ATR equipment, two hours were needed
before any experiment. Each spectrum was acquired by averaging
62 scans with a resolution of 4 cm�1. The liquid flowing through
the cell and over the catalyst layers were pumped by with a peri-
staltic pump downstream of the ATR-IR cell. All aqueous flow rates
were 2 mL min�1, resulting in a residence time of 12 s. The solu-
tions were saturated with He (Praxair), or H2 (Praxair) at 1 bar
and 25 �C with gas flow rates of 50 mL min�1. The temperature
was kept constant by having the saturators in a water bath con-
trolled via feed-back thermocouple placed in the water bath. For
all experiments, after the flow-through-cell was assembled, the
catalyst was firstly reduced by flushing with H2/H2O for 2 h. Then,
He/H2O was flushed through the system for 30 min to remove
hydrogen from the cell and the water background spectrum of
the reduced catalyst exposed to water only was recorded. Subse-
quently, the solution containing 15 mM NO2

�, which is purged in
He overnight, was fed to the cell. At this point, IR spectra were
recorded until the peak intensities reached steady state after typi-
cally 30 min. To prepare the catalyst layer at the crystal surface,
0.12 g of catalyst was dispersed in 20 mL 2-isopopanol and soni-
cated in an ultrasonic processor (Fischer Scientific – 705) for
45 min. Then, the solution was spray- coated on a zinc-selenide
(ZnSe) crystal resulting in a thin catalyst film of c.a. 5 lm thickness
at the crystal surface, containing typically 5 mg catalyst [2–5]. To
obtain a stable layer at the crystal surface, the coated catalyst
was calcined at 300 �C (1 �C min�1) for 1 h in N2 at 20 mL min�1.
Because p-NIPAM is temperature sensitive, the polymer coated cat-
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alyst was not calcined. Instead, a membrane (Whatman Nuclepore
track etched membrane filters with a pore size of 0.2 mm) was
placed between the catalyst layer and the rubber from the cell
chamber to guarantee the layer stability (see Fig. S2b).
2.4. Catalytic test

The experiments were performed in a semi batch reactor (0.3 L)
with continuous feed of gases (CO2, H2 and He) at atmospheric
pressure. The pH was kept constant at 5.5 by continuous addition
of 0.1 bar partial pressure of CO2 in order to avoid both influence
on the conformation of p-NIPAM polymer brushes [55] as well as
on NH4

+ formation [10,17]. In a typical experiment 15 mg of catalyst
were mixed with 300 mL of DI water at a stirring speed of 500 rpm.
The reduction of palladium consisted of flushing hydrogen for one
hour at room temperature (0.5 bar H2 in a gas mixture of 0.1 bar
CO2 and 0.4 bar He with a total flow rate of 100 mL min�1). Then,
3 mL of a specific concentration of NaNO2

� was added to the reac-
tor, starting the reaction time. Samples were taken and analyzed by
Ion chromatography, as described in detail elsewhere. [12] Tem-
perature was varied between 20 and 55 �C using a thermal bath
controlled via feed-back thermocouple placed in the reaction solu-
tion. The initial NO2

� concentration was varied between 1 and
4 mM and H2 partial pressures between 0.1 and 0.7 bar.

The concentration of nitrite (NO2
�) and ammonium (NH4

+) ions
were measured as a function of time. Fig. S3 (supporting informa-
tion section 1.3.) shows a typical experimental result for NO2

� con-
centration (Fig. S3a) and NH4

+ concentration (Fig. S3b) over time.
From these plots the reaction rate was determined based on the
initial activity at a low NO2

� conversion to regress the instanta-
neous reaction rate at time zero. The rates were calculated as reac-
tion rate per mass of palladium as well as the normalized rate per
surface atoms of palladium as determined with CO chemisorption,
resulting in a Turnover Frequency (TOF, min�1). The NO2

� conver-
sion and the integral NH4

+ selectivity was calculated with Eq. (3)
and (4).

NO�
2 conversion ¼ NO�

2

� �
0 � NO�

2

� �
t

NO�
2

� �
0

� 100 ð3Þ

where [NO2
�]0 is the initial nitrite concentration, [NO2

�]t concentra-
tion nitrite at time t. The initial concentration NO2

� was measured
immediately after addition of nitrite to the reactor.

In Fig. S3 the NO2
� concentration decreased from 3 mM to

0.5 mM resulting in 82% conversion after 120 min with an NH4
+

selectivity of 7% as calculated according to Eq. (4) (Integral selec-
tivity) when the bare Pd/Al2O3 catalyst was employed. It is well
known that N2 and ammonia are the only two products formed
under these conditions and the selectivity to N2 is calculated based
on the mass balance.

NHþ
4 ¼ NHþ

4

� �
t

NO�
2

� �
0 � NO�

2

� �� 100 ð4Þ

where [NH4
+]t is the concentration of ammonium (mmol L�1) at time

t. The apparent activation barrier was calculated according to the
Arrhenius Eq. (5).

ln TOFð Þ ¼ �Ea
R

1
T
þ lnðAÞ ð5Þ

where TOF (min�1) is the normalized rate per mol surface-Pd, Ea (kJ
mol�1) the activation energy barrier, R (8.31 kJ mol�1 K�1) the uni-
versal gas constant, T (K) absolute temperature and A the pre-
exponential factor.
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3. Results

3.1. Catalyst characterization

As shown in Table 1, BET analysis of the N2-physisorption data
indicated the addition of chemically bonded polymer brushes led
to a decrease of the surface area and pore volume. This is not sur-
prising as the polymer brushes are grown from the -OH moieties
on c-Al2O3 (see supporting information section 1.4.1. and 1.4.2.).
While no reports were found on p-NIPAM polymer brushes on
heterogeneous porous metal oxides, similar observations have
been reported by Xu et al. [47] when using a fluorinated carbon
silane agent with hydrophobic character (perfluorinated-octyltri
chlorosilane, FOTS) covalently bonded to the surface of c-Al2O3.
In that case, the drop in the surface area and pore volume upon
hydrophobization even at low carbon-contents (few percent) was
attributed to partial pore entrance blockage in the dry state.

The thermal stability of p-NIPAM brushes was studied via ther-
mal gravimetric analysis (TGA), (see supporting information sec-
tion 1.4.3). Above 350 �C a significant weight loss was observed
on the polymer coated catalysts samples, both with 7 wt% C and
20 wt% C. This can be attributed to the decomposition of p-
NIPAM brushes in air, which is in agreement with previous obser-
vations.[56] To determine the catalysts nanostructure and compo-
sition, STEM-HAADF and EDS mapping characterization were
conducted on the Pd/Al2O3 with different p-NIPAM content (see
Fig. 1). As shown in Fig. 1 ai –ci, the Al2O3 support has an amor-
phous topology with the palladium nanoparticles well distributed
on the surface, regardless of the polymer content. This is further
confirmed by inspecting the Pd EDS mappings in Fig. 1 aii – cii.
The distribution of polymer on the surface, however, was not pos-
sible to address by STEM-HAADF due to the low contrast between
carbon in p-NIPAM and alumina. Similarly, EDS mappings of C and
B were inconclusive. This is due to the overlap between Lacey car-
bon films present in the Cu-TEM grid and the low concentrations of
B-terminated p-NIPAM present in the system (see Fig. S6).

As can be noted in Table S2, the polymer coated catalysts have
lower metal loadings, decreased to 2.3 and 1.4% for the catalyst
containing 7 wt% C and 20 wt% C Pd/Al2O3, respectively, in compar-
ison with uncoated catalyst. This drop could be caused by partial
dissolution of small metal clusters during the p-NIPAM radical
polymerization process. During the synthesis, ascorbic acid (pKa

of 4.7) is employed as reducing agent to activate the copper cata-
lyst. At this pH, Pd could partly lixiviate into the aqueous media.
[57] This is consistent with the small shift of the Pd metal particle
size distribution towards larger diameters with increasing polymer
content (see Fig. 1a-c -iii). Additionally, metal surface areas were
measured using CO chemisorption, as presented in Table S2. This
information was used to estimate the mean metal particle size
assuming uniform size distribution and a hemispherical shape.
For the parent catalyst (Pd/Al2O3), the palladiummetal particle size
based on CO chemisorption and on STEM-HAADF have similar val-
ues, for both batches. In contrast, the metal particle sizes of the
polymer coated catalysts obtained from CO chemisorption were
different from those estimated from STEM-HAADF. These differ-
ences could be associated to partial coverage of the surface of
metal nanoparticles as well as to pore-blockage in the dry state.
These artifacts could mask CO-chemisorption underestimating
the actual metal dispersion of the catalyst in comparison to
STEM-HAADF.

Atomic composition analysis of the catalyst surface, obtained
via XPS, indicated that nitrogen and carbon content monotonically
increased with the concentration of polymer in the catalyst (see
Table S3). Notably, no copper was detected on the polymer coated
catalysts demonstrating that all the copper catalyst used during



Table 1
Specific surface area and pore volume from Brunauer-Emmett-Teller (BET) method from N2-physisorption at �196 �C, carbon content from elemental analysis (EA) and weight
loss from Thermal gravimetric analysis (TGA) obtained from 25 to 800 �C using N2 as inert atmosphere.

Pd/Al2O3
a catalysts Carbon (wt.%) Weight loss (%) Specific surface area (m2 g�1) Pore volume (cm3 g�1)

0 wt% C 1 & 2 0 193 0.65
7 wt% C 7 10 170 0.47
20 wt% C 20 24 104 0.23

a The surface area of bare c-Al2O3 is around 196 m2 g�1 indicating no decrease on support after palladium deposition.

Fig. 1. STEM-HAADF characterization (i), palladium EDS mapping, where the purple spots represent the palladium particles, (ii), and metal particle size distribution (iii) of the
pre-reduced Pd/Al2O3 catalysts containing 0, 7, and 20 wt% carbon (a-c, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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polymerization was efficiently removed. In all catalysts, palladium
was detected on the surface. Detail analysis of the 3d peak of pal-
ladium was conducted to determine the metal oxidation state.
Fig. S7 ai-ci shows the deconvolution of the Pd 3d peak into the
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corresponding 5/2 and 3/2 contributions obtained for Pd/Al2O3

containing 0, 7 and 20 wt% carbon. Fig. S7 aii - cii and aiii – ciii
shows the deconvolution of the C 1s and Al 2p peak as a reference
for the calibration in energy[58] (see Table S4 and S5). Pd/Al2O3
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catalyst had a binding energy of 335.7 (Pd 3d5/2) and 341.0 (Pd
3d3/2) corresponding to palladium in the metal form. On the poly-
mer coated catalyst, the binding energy were 335.3 (Pd 3d5/2) and
340.6 (Pd 3d3/2). These results indicate that the electronic configu-
ration of palladium was preserved regardless of the polymer con-
tent as no significant peak shifts were encountered (see
Table S6).[50]

3.2. Catalytic performance of p-NIPAM coated Pd/Al2O3

Catalysts coated with thermo-responsive polymer brushes, such
as p-NIPAM (LCST = 32 �C), are expected to display a stimulus
responsive behavior during reaction (so-called nano-reactors). In
this reasoning, the polymer is assumed to not tinker the energetics
of surface reaction intermediates.[23] To challenge this concept,
we conducted a detailed kinetic study on porous Pd/Al2O3 catalysts
with increasing loadings of p-NIPAM at different initial concentra-
tions of hydrogen and nitrites at temperatures above and below
the LCST of the polymer.

As shown in supporting information section 1.5., external and
internal mass transfer limitations are negligible under the reaction
conditions herein used. The fact that TOF rates are the same on the
parent Pd/Al2O3 and polymer coated catalysts indicates that p-
NIPAM brushes do not change the mass transport towards the
active sites (see Table 2 and supporting information section 1.6.).
However, significant differences in the ammonium selectivity,
measured at the same level of conversion (c.a. 10%), were observed
on the polymer coated catalysts (see Table 2 and Fig. S11). Here, it
can be noted that at temperatures below (25 �C) and above (45 �C)
the LCST of p-NIPAM (32 �C) the NH4

+ selectivity for Pd/Al2O3 was
2.8 ± 0.2 and 3.8% ± 0.3, respectively. The higher selectivity to
NH4

+ with increasing temperature is in agreement with previous
research on nitrite hydrogenation on supported Pd catalysts.
[59,60] In stark contrast, on the catalysts containing polymer, the
selectivity to ammonia was significantly lower regardless of the
temperature used, suggesting that p-NIPAM polymer brushes hin-
der NH4

+ formation.

3.3. Apparent activation energy

The Arrhenius plot in Fig. S12 shows that both pre-exponential
factors and activation energy barriers are essentially constant
regardless of the polymer loading with an NO2

� overall apparent
activation barrier of 32 kJ mol�1. This barrier is in line with previ-
ous reports on Pd-based catalysts.[59,60] Strikingly, the analysis of
apparent activation barriers for NH4

+ formation shows an increase
from 41 ± 3 kJ mol�1 to 63 ± 4 and 76 ± 5 kJ mol�1 by the addition
of 7 wt% C and 20 wt% C in the form of p-NIPAM brushes on the Pd/
Al2O3 catalyst (Fig. S12c). The increased apparent barriers are
accompanied by a compensation on the pre-exponential factors
when the polymer is present in the system, which explains the
drastic differences in ammonia selectivity even at high tempera-
tures (Table S12). While one would expect that the presence of
Table 2
Nitrites (NO2

�) reaction rate normalized per catalyst mass, palladium loading, and metal a
20 �C, 3 mM of NO2

�, 0.5 bar of H2, 0.1 bar of CO2 as buffer.

Pd/Al2O3 catalysts NO2
� rate per catalyst mass (mmol min�1 gcat�1) NO2

� ra

0 wt% C (1) 0.81 ± 0.08
0 wt% C (2) 0.92 ± 0.08
7 wt% Cb 0.35 ± 0.02
20 wt% Cc 0.26 ± 0.02

a Calculated using TEM metal particle size data.
b 7 wt% C was synthesized from Pd/Al2O3 0 wt% C (1).
c 20 wt% C was synthesized from Pd/Al2O3 0 wt% C (2).
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the polymer should lead to partial blockage of active sites decreas-
ing nitrites coverage, and thus reducing the rate of entropically
demanding N-N coupling, these results indicate that p-NIPAM
brushes favor nitrogen formation over ammonia. It also indicates
that the dependance with temperature of NH4

+ formation is much
more pronounced for the p-NIPAM coated catalyst than for the par-
ent Pd/Al2O3.

3.4. Apparent reaction orders

The performance of Pd/Al2O3 catalysts containing 0 wt% C and
7 wt% C was measured at different NO2

� and H2 concentrations to
further understand the NH4

+ selectivity trends (Fig. S13). Surpris-
ingly, the NH4

+ selectivity remained constant around 0.6 and 1%
independently of the reactant concentrations. In contrast, when
the parent palladium alumina catalyst was employed NH4

+ forma-
tion increased by two-fold from 1.5 to 3% on increasing the concen-
tration of either NO2

� or H2. The reaction orders obtained for the
conversion of nitrites on the parent palladium alumina catalyst
were �0.1 ± 0.1 for NO2

� (m) and 0.5 ± 0.1 for H2 (n) (see
Table S13 and Fig. 2a and b). These results are in agreement with
the observations reported by Xu et al. [12] for hydrogenation of
nitrite using 1 wt% Pd/Al2O3 at the same reaction conditions. The
reaction order for NO2

� was unaffected by the addition of polymer
brushes with a value of �0.07 ± 0.03 (zero order) (m) (Fig. 2b), sug-
gesting that the rate of nitrite is almost independent of NO2

� con-
centration. However, the reaction order for H2 decreased from
0.5 ± 0.1 to 0.1 ± 0.1 (n) for the p-NIPAM coated catalyst
(Fig. 2a). Notably, the apparent reaction orders in H2 for NH4

+ for-
mation (see Fig. 2c and d) are similar for both catalysts (n* c.a.
0.3–0.4), while the reaction orders in NO2

� (m*) are 0.4 for the par-
ent Pd/Al2O3 and slightly negative (-0.1) on the polymer coated
counterpart.

3.5. In-situ attenuated total reflectance infrared (ATR-IR) spectroscopy

In-situ ATR-IR spectroscopy was used to elucidate the role of p-
NIPAM brushes in the hydrogenation of nitrates on palladium sur-
face in aqueous environments. Fig. 3 shows the ATR-IR spectrum of
nitrites chemisorbed on Pd/Al2O3 containing 0 and 7 wt% C as p-
NIPAM. To improve the signal to noise ratio, these experiments
were performed with a higher NO2

� concentration (15 mM) than
those employed in the kinetic experiments (3 mM). Here, the free
nitrite ion [13,61,62] and HNO2 [63] in solution have characteristic
IR adsorption bands located in the range of 1235–1286 cm�1 (see
Supporting Information Section 1.9.). The peaks at c.a. 1350–
1250 cm�1 correspond to NO stretching from NO2

� (see Fig. S14).
[64] All these three peaks were detected on the blank experiment
on bare ZnSe, confirming that these signals correspond to NO2

� in
the aqueous phase within the analysis volume of the ATR-IR with
a penetration depth of 1–4 mm (see Fig. S14b). As shown in
Fig. 3, a peak at 1235 cm�1 was observed for Pd/Al2O3. This band
seems to shift to lower wavenumbers (c.a. 1231 cm�1) in the
ctive surface area and ammonium selectivity (c.a. 10% conversion level) at 500 rpm,

te per Pd mass(mmol min�1 gPd�1) TOF (min�1)a NH4
+ Selectivity (%)

24 ± 2 6.9 ± 1.3 2.8 ± 0.2
32 ± 3 9.8 ± 2.3 2.5 ± 0.3
15 ± 1 5.2 ± 1.1 1.1 ± 0.1
15 ± 1 6.8 ± 1.1 0.8 ± 0.1



Fig. 2. Apparent NO2
� and H2 reaction orders for nitrite hydrogenation (a-b) and ammonium formation (c-d) at 20 �C and 1 bar for Pd/Al2O3 containing 0 (blue) and 7 (red) wt.

% carbon. The NO2
� concentrations ranged from 1 to 4 mM at 0.5 bar of H2 and 0.1 bar of CO2, while H2 partial pressures varied from 0.1 to 0.7 bar at 3 mM NO2

� using 15 mg of
catalyst and 500 rpm. Hydrogen, carbon dioxide, and helium (to balance) were added continuously to the system to ensure constant concentrations during the experiments.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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p-NIPAM coated catalyst (7 wt% C). Nitrite can adsorb at the palla-
dium surface at frequencies of c.a. 1400 and 1330 cm�1. For
instance, Ebbesen et al. [13] reported that the frequencies at
1405 and 1325 cm�1 are associated to adsorption of NO2

� palla-
dium surfaces covered with chemisorbed oxygen. This agrees with
the results where the formation of NOx

� species (Pd-NOx
�
ads) are

located at the frequencies of 1408 and 1319 cm�1. Apparently, at
high concentrations of NO2

� the surface of the Pd catalyst seems to
contain chemisorbed oxygen, as the reduced sample results in the
formation of a IR spectrum resembling a partly oxidized Pd surface.
[13]

Notably, when p-NIPAM brushes where present on the Pd/
Al2O3 important changes were observed on the peak position
of key adsorbed species. For instance, the Pd-NOx

�
ads suffered a

red shift from 1408 to 1402 cm�1 and from 1320 to 1310 cm�1

when covalently bonded p-NIPAM brushes were present (see
Fig. 3, Fig. S14a-b and Fig. S15). Zhao et al. reported similar results
when conducting ATR-IR spectroscopy of CO on Pd in the presence
of polymeric stabilizers.[65] The authors interpreted the lower
wavenumbers of C-O vibration in chemisorbed CO as a result of
interactions between the polymer and metal catalyst. This would
suggest that p-NIPAM changes the properties of chemically
bonded species (Fig. 3b I-II).
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4. Discussion

P-NIPAM brushes covalently attached to the surface of porous
alumina containing palladium nanoparticles (Pd/Al2O3) decreased
by 3-fold the NH4

+ selectivity compared with Pd/Al2O3 catalyst
(Fig. S10b). This indicates that the polymer coated catalyst favors
nitrogen coupling over N-H bond formation. The reason for these
differences could be explained by either (1) concentration profiles
inside the catalyst particles of either NO2

�, H2 or H+, (2) metal par-
ticle size effects, or (3) changes in the reaction energy landscape
induced by the micro-solvation environment. In the next section,
we will address each of these issues in detail.
4.1. Mass transport effects

Nitrite reduction is strongly sensitive to the surface coverage
ratio of H2/NO2

� and the pH of the reaction media.[10,12,13]
Recently, P. Xu et al. [47] studied the interplay of mass transport
of hydrogen on Pd/Al2O3 catalysts rendered with compartmental-
ized wettabilities of the internal surface. That is that the internal
as well as external surface of the support was partly hydropho-
bic and hydrophilic. The authors reported that the total rate of
conversion is strongly influenced by internal mass transfer for



Fig. 3. a) In-situ ATR-IR spectra of Pd/Al2O3 catalysts containing 0 and 7 wt% carbon in the form of p-NIPAM conducted at 25 �C (pH = 7) on a flow of 15 mMNO2
� and Ar over a

spray coated silicon crystal containing c.a. 5 mg of catalyst thin film, b) schematic illustration of the binding strength effects on NH4
+ selectivity during nitrite hydrogenation

with 0 wt% C (B.II) and 7 wt% C (B.I).
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catalyst support particles larger than 100 mm. Also, when 20%
hydrophobic support was introduced, the transport of hydrogen
was enhanced, leading to faster nitrite conversion rates and con-
comitantly higher ammonia selectivity. Similar observations
were reported by J. K. Chinthaginjala et al. [17] using Pd cata-
lysts supported on carbon nanofibers, where high conversion
rate as well as increasing selectivity to ammonia was attributed
to improved mass transfer of H2 in the catalyst support.

Although p-NIPAM polymer brushes are often used to modify
the mass transport of reactive species in nano-reactors, the low
selectivity towards ammonia that we observed is not easily
rationalized in terms of mass transport effects as mass transport
limitations on the bulky nitrite ions respect to molecular hydro-
gen would lead to higher ammonia formation rates, as the H/N
would increase. Convincing confirmation of the absence of mass
transfer limitations can be extracted from the apparent reaction
orders. Here, one could argue that if concentration gradients
were dominating the measured kinetics, then the observed reac-
tion orders for hydrogen and nitrites should be equal to one, as
molecular diffusion is a first order process. However, the reac-
tion orders for NO2

� and H2 on Pd/Al2O3 containing 7 wt% C p-
NIPAM were c.a. zero for both species (Fig. 2). In the same line,
Mears and Weisz-Prater (Cwp) criteria values suggest that there
are no external and internal mass transfer limitations, respec-
tively, on any of the catalysts studied. Finally, the regressed
apparent activation energy barriers obtained for the overall
nitrite conversion on Pd/Al2O3 containing 0 wt% C, 7 wt% C
and 20 wt% C (c.a. 30 kJ mol�1) were similar to those reported
on kinetically controlled systems at reaction conditions that
are equivalent to those herein employed.[17] Hence, the effect
of concentration profiles on the reaction selectivity can be
discarded.
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4.2. Metal particle size effects

The addition of p-NIPAM brushes to the catalyst surface
reduced the metal loading, possibly due to dissolution of small pal-
ladium nanoparticles (<2 nm) (Table S2). This resulted in a shift to
larger metal particle sizes, which could lead to a change on NH4

+

selectivity without affecting the nitrite conversion rate. Shuai
et al. [66] and Mendez et. al [67] reported that the ammonium
selectivity increases with decreasing palladium particle size partic-
ularly below 10 nm. In contrast, Zhao et al. [65] and Yoshinaga
et al. [68] observed that increasing palladium particle size favored
the ammonium formation within the range between 2 and 3 nm.
These differences in the effect of palladium particle size on the
NH4

+ selectivity could arise from the different levels of conversion
employed to determine the NH4

+ formation, experimental condi-
tions and might also be influenced by mass transfer effects. In
the case of Shuai et al. [66] and Zhao et al. [65] the differences
on the experimental conditions and level of conversion make it dif-
ficult to fairly make a conclusion. In the case of Mendez et al. [67]
and Yoshinaga et al. [68] the influence of mass transfer limitations
was not addressed. As shown in Table S2, the particle size distribu-
tion of the Pd/Al2O3 catalyst with 0 and 7 wt% carbon was the
nearly unaltered. However, the NH4

+ selectivity decreased from
3% to 1% (see Fig. S10b), which would indicate that the palladium
particle size cannot explain the changes in selectivity.

4.3. Solvation effects

Recently, Xu et al. [12] reported a nitrite hydrogenation mecha-
nism in which the reaction rate was controlled by NO* hydrogena-
tion reactions requiring multiple pre-equilibrated hydrogenation
steps before the rate determining step (RDS). The authors con-
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cluded that N-N coupling could not be the RDS as the observed
apparent reaction orders would not fit with the theoretically pre-
dicted orders at low surface coverages of nitrite and hydrogen. This
proposed mechanism is in line with the work Clark et al. on Pd and
Rh supported catalysts.[10] In thesemechanisms, NO* is believed to
quickly form fromNO2

� in the presence of chemisorbed hydrogen on
Pd. This intermediate is then hydrogenated to NOxHy (NOH*, HNOH*

and NH*), where NH4
+ formation only proceeds via hydrogenation of

NH*. In this context, both N2 and NH4
+ shared the same rate deter-

mining step. As a result, N2 was speculated to be formed via either
disproportionation of NO* and/or coupling of NO* with NOHads,
HNOHads and/or NHads. In this scenario, one would expect that
NH3 formation will be more favourable at increasing hydrogen cov-
erages, as argued previously.[10,12,13] However, we observed that
the addition of p-NIPAM effectively leads to lower ammonia forma-
tion (see Table 2). In this context, the lower partial pressures
required to reach saturation kinetics on the p-NIPAM coated cata-
lyst could be associated to the stabilization of hydrogen on the sur-
face. In turn, the stronger binding of hydrogen on the metal surface
can lead to an increase in the activation barrier for ammonia forma-
tion (see Fig. S12). This is assuming that the polymers do not change
the number of active sites available for hydrogen chemisorption. If
this would not be true and the number of active sites would be low-
ered, the consequence would be that the polymer increases the TOF
on the remaining sites. These local interactions of p-NIPAM and
chemisorbed species was demonstrated by our in-situ ATR experi-
ments, in which a red shift of chemisorbed NOx was observed.
One could imagine that the N-H and CO groups in the p-NIPAM
can interact with other water molecules via hydrogen bonding near
the chemisorbed hydrogen and nitrites, leading to changes energy
of adsorbed species and consequently also the reactivity of those
surface species.[69] This solvating effect can potentially explain
the glaring differences on ammonia formation rate between the
parent and polymer coated catalysts. More broadly, we envision
that utilizing polymer-brushes like p-NIPAM as micro-solvation
modifiers will play an essential role in developing highly selective
catalysts for removal of pollutants in drinking water and specialty
chemicals synthesis.
5. Conclusions

This contribution provides direct evidence that polymer brushes
modify the selectivity of supported palladium catalysts during
nitrite hydrogenation reaction, favoring the N2 formation in wide
range of operating conditions (i.e. 1–4 mM NO2

� and 0.1–0.8 bar
H2). We demonstrated that mass transport limitations cannot be
responsible for NH4

+ selectivity as the observed reaction orders were
below one for both nitrites and hydrogen and the estimated Weisz-
Prater andMears criteria indicated that internal and external trans-
fer rates are negligible. Similarly, particle size effects could not
explain the differences in selectivity as the differences in Pd particle
sizes between the different catalysts was not significant. Instead,
the observed changes in selectivity are attributed to the modifica-
tion of the solvation environment around the active site induced
by the p-NIPAM brushes as shown by in-situ ATR-IR spectroscopy
measurements of NO2

� on Pd. Contrary to previous research, arguing
that polymer coatings only modify the transport of reactive species,
we showed that p-NIPAM brushes effectively induce solvation
effects that modify the energy landscape of the catalytic reaction,
mimicking the operation of enzymes.
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