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Nitrous oxide (N,O) exerts strong effects on global warming and environmental destruction. Various

catalytic technologies have been investigated for N,O abatement. We investigated a catalytic system in an
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electric field, revealing that N,O can be decomposed efficiently, even at low temperatures and in the
presence of excess oxygen and water vapour. Reaction mechanisms with and without an electric field have
been investigated using kinetics and various operando analyses, which revealed that surface-lattice oxygen

on catalyst supports plays a crucially important role in N,O decomposition in an electric field at low

rsc.li/catalysis temperatures.

Introduction

In recent years, much attention has been devoted to nitrous
oxide (N,O) because of its strong environmental effects. In fact,
its global warming potential is approximately 300 times greater
than that of CO,. It is also a major stratospheric ozone-
depleting substance."™ Moreover, N,O has a long lifetime of
116 + 9 years in the atmosphere.”* Mainly, N,O emissions are
produced by human activities, including nitric acid production,
adipic acid synthesis, fossil fuel combustion, waste
incineration, and automobile exhaust emissions."*
Addressing the elimination of N,O at low temperatures has,
therefore, become imperative for environmental protection.
Various post-treatment technologies have been developed and
implemented to address N,O emissions in chemical and energy
industries. These are classifiable as thermal decomposition,
selective catalytic reduction, direct catalytic decomposition,
and plasma and microwave heating.”' Among these, catalytic
N,O decomposition, as outlined in eqn (1), stands out as a
particularly promising approach because of its simplicity, lower
energy requirements, and, consequently, lower costs.”'*™**

ZNzo - 2N2 + 02 (1)

To date, numerous and diverse catalytic technologies have
emerged for N,O abatement, encompassing supported metal
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oxide/novel metal-supported catalysts,">™®

zeolites,"”>" and composite oxide catalysts including
perovskites,?*** hydrotalcite,>>® and spinels.””*® Most
notably, rhodium (Rh) catalysts have emerged as particularly
potent catalysts, exhibiting high activity for N,O
decomposition at low temperatures.*”*293

Regarding the reaction mechanism of direct catalytic N,O
decomposition, the widely accepted model comprises the
following three fundamental elementary steps:*>™°

ion-exchanged

Nzo + * Nz(g) + O* (2)
O* + O* — O,(g) + 2* (3)
N0 + 0% — Ny(g) + Oy(g) + * (4)

The N,O molecule is adsorbed onto active sites (*) of the
catalyst surface and is subsequently decomposed into N,(g)
and adsorbed oxygen (eqn (2)). The active sites are then
regenerated through the Langmuir-Hinshelwood (LH) and/or
Eley-Rideal (ER) mechanism, completing the entire catalytic
cycle. In other words, the catalyst surface is regenerated
through the recombination of adsorbed oxygen species (eqn
(3): the LH mechanism) or through a reaction with another
gaseous N,O molecule (eqn (4): the ER mechanism). It is
noteworthy that the recombination of oxygen atoms is
reversible, whereas the regeneration of active sites by N,O is
irreversible. The reversibility of the former reaction explains
why O, has an inhibitory effect on most N,O decomposition
catalysts, particularly at low temperatures, because N,O and
0, compete for the active sites of the catalyst.>*>®
Furthermore, industrial exhaust typically contains excess O,
and H,0, which deactivate active sites and reduce catalytic
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activity.">*® Consequently, a catalytic N,O abatement process
that is capable of decomposing N,O efficiently, even at low
temperatures and even in the presence of an excess of oxygen
and water vapour, must be developed.

As a promising method for greenhouse gas removal, an
electric-field-applied catalytic system is very suitable for low-
temperature catalytic synergistic reactions. In recent years, an
increasing number of electric-field-applied catalytic systems
has been employed for converting NO,, exhibiting remarkable
N, selectivity.**™*' Within the framework of those earlier
studies, results show that the application of a mere few
milliamperes of weak direct current to the catalyst bed can
enhance the oxygen release capacity of the catalyst at low

temperatures, consequently lowering the temperature
necessary for gas decomposition and conversion
reactions.**™?

For this study, Rh catalysts supported on ceria-zirconia
(Cep.7Zry 30,) were prepared for the catalytic decomposition
of N,O. The applied electric-field catalytic system operates
effectively at temperatures as low as 373 K, even with excess
0O, and H,0. A comprehensive understanding of the reaction
mechanism was sought through kinetic studies and isotope
analysis. The findings in the study have elucidated that the
applied electric field mitigates oxygen's inhibition of N,O
decomposition, thereby facilitating completion of the
catalytic N,O decomposition cycle.

Experimental
Catalyst preparation

We prepared mixed oxides of Ce;_,Zr,O, (x = 0, 0.1, 0.3, 0.5)
for the catalyst support. Each is suitable for the catalytic
reaction in the electric field. Preparation was conducted
using a citric acid complex method with aqueous solutions of
Ce(NO3)3-6H,0 and ZrO(NO;),-2H,0 (Kanto Chemical Co.
Inc.), with excess amounts of citric acid and ethylene glycol
(Kanto Chemical Co. Inc.). The molar ratio of metal: citric
acid: ethylene glycol was 1:3:3. After the obtained solution
was evaporated in a water bath for 17 h at 353 K, the solution
was dried on a hot plate with stirring. The obtained powder
was pre-calcined and then calcined in air at 1123 K for 10 h.

Next, we supported Rh, Fe, Co, Ni or Cu nanoparticles on
Cey_yZr, 0, (x = 0, 0.1, 0.3, 0.5) using an impregnation
method. Table S11 presents the precursors. They were dried
at 393 K for 20 h and were calcined in air at 823 K for 3 h.
The structural information of the obtained catalysts is
presented in Fig. S1 and Table S2 in the ESLf

Activity tests

Catalytic activity tests were conducted in a fixed-bed flow-type
quartz reactor at atmospheric pressure, as shown in Fig. S2
in the ESL{ An electric field was applied using a power supply
via stainless steel electrodes, which are in contact with the
catalyst bed on the upper and lower sides. Here, 100 or 200
mg of catalyst (sieved to 250-500 um mesh) was placed in a
quartz tube with a 6.0 mm internal diameter. The catalyst
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was treated in Ar for 20 min at 773 K. Reactant gases were a
mixture comprising 1000 ppm of N,O, 10% O,, and 10% H,O
(when used). The total gas flow rate was 100 mL min~". The
gas hourly space velocity was approximately 50 000 or 100 000
h™.

For activity tests, the catalyst bed temperature was
increased stepwise from 373 to 773 K. The steady state
activity was evaluated at each temperature. To evaluate the
catalytic activity in the electric field, a direct current of 6 mA
was applied to the catalyst bed. The applied current and
response voltage were measured using a digital phosphor
oscilloscope (TDS 2001C with a voltage probe P6015A;
Tektronix Inc.). Also, a thermocouple was set at the bottom
of the catalyst bed to measure the actual catalyst bed
temperature. The outlet gases were detected using a
quadrupole mass spectrometer (ThermoStar GSD 350; Pfeiffer
Vacuum GmbH). The N,O conversion and N, selectivity were
calculated based on the following:

. N,O[;, — [N2.O
N,O conversion (%) = [N2Olip = [N2Ofy 100 (5)
[NZO]in
. N,
N, selectivity (%) = —————x100 (6)
I'N,O conv.

In these equations, [N,OJ;, and [N,Ol,, respectively
represent the inlet and outlet N,O concentrations. ry, and
N0 conv. Tespectively represent the N, generation rate and
N,O conversion rate.

Tests for measuring the dependence on the partial
pressure of N,O and O, were conducted under a N,O-O,-
H,O condition at 423 K with the electric field and 638 K
without the electric field. The partial reaction orders with
respect to N,O and O, were found with different
concentrations of N,O (500-2000 ppm) and O, (0.05-15%)
balanced with Ar.

Transient response tests using isotope-labelled **0,

Isotope-labelled '0, (99.5% '®0,) was obtained from Nippon
Sanso Holdings Corp. The 'O tracer-loaded catalyst was
prepared as explained hereinafter. The catalyst was treated
with *®0, at 523 K for 10 min after H, reduction at 773 K for
30 min. After purging the catalyst with Ar to remove
physisorbed %0, activity tests using 1000 ppm of N,'°O
(when used) and 10% '°0, were conducted at 423 K with the
6 mA electric field. Furthermore, tests were conducted in
which the catalyst was treated with '°0, and was then
exposed to "0, with and without the electric field. The
following AMUs were used for mass spectroscopic
identification of the different compounds: 28 (N,), 32 (*°0,),
34 (**0"%0), 36 (**0,), 40 (Ar), and 44 (N,O).

Operando transmission infrared spectroscopy (TIRS)

Operando TIRS measurements were conducted using a
Fourier transform infrared spectrometer (FI/IR 4600; Jasco

This journal is © The Royal Society of Chemistry 2024
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Corp.) with an MCT detector and a CaF, window. The 0.5
wt% Rh/Ce, ;Zr, 30, catalyst (50 mg) mixed with KBr was
pressed and shaped into a 10 mm¢ disk. All spectra were
recorded with 4 cm™ resolution and 50 scans. Regarding the
pretreatment, the catalyst disk was heated at 773 K for 20
min under Ar. The background spectra (denoted as BKG)
were measured under inert Ar gas at 373 or 573 K. After the
BKG spectra were recorded, 1000 ppm N,O and 10% O,
balanced with Ar were dosed in the IR cell at 373 or 573 K
with and without the electric field. The electric field was
applied with 6 mA of direct current, and all flow rates were
100 mL min ™.

Structural characterisation of the catalyst

Powder X-ray diffraction (XRD) measurements were
performed to confirm the crystalline structures of the
catalysts (SmartLab 3; Rigaku Corp.). Cu Ko radiation was
applied at 40 kv and 40 mA.

The specific surface areas were calculated from the N,
adsorption isotherm at 77 K using the Brunauer-Emmett-
Teller (BET) method (Gemini VII; Micromeritic Instrument
Corp.). Before the measurements, the samples were heated to
473 K for 1 h under a N, atmosphere to remove adsorbates
from the catalyst surface.

The exposed metal surface area and dispersion were
measured by conducting CO pulse chemisorption on a
catalyst analyser (MRB BELCAT II; Microtrac Inc.). The pulse
measurement was carried out by introducing pulses of 10%
CO in He at 323 K. The instrument was equipped with a TCD
to measure the CO uptake. Calculations were based on an
Rh: CO stoichiometry factor of 1:1.

The electronic states of Rh in Rh/Ce,,Zr,;0, were
evaluated using operando X-ray absorption fine structure
(XAFS) spectroscopy at the BL14B2 beamline of SPring-8 in
Japan. After the 5 wt% Rh/Ce, ;Zr, 30, powder mixed with BN
was pressed into a 10 mm¢ disk, the sample disk was placed
in the cell. Then, XAFS measurements were performed in the
transmission mode. Operando XAFS measurements were
carried out under 1000 ppm N,O in N, balance with a total
flow rate of 100 mL min " at 373, 473, 573 and 673 K with
and without the electric field. The same pre-treatment to the
activity test was done. The applied current was 6 mA. The
response voltage was approximately 0.10-0.20 kV.

Results and discussion
Catalytic activities for N,O decomposition

Fig. 1 depicts the catalytic conversions of N,O over the 0.5
wt% Rh/Ce, Zr,;0, and 5 wt% Fe, Co, Ni, Cu/Ce,,Zr;0,
catalysts with and without an electric field by application of
6 mA of direct current under 1000 ppm N,O + 10% O,.
Remarkably, the application of the electric field resulted in
significantly high N,O conversion to N, for all catalysts,
even at 473 K. Specifically, the 0.5 wt% Rh/Ce,;Zr,;0,
catalyst exhibited the highest N,O conversion of

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Catalytic decomposition of N,O over 0.5 wt% Rh/Ceq7Zro 30,
and 5 wt% Fe, Co, Ni, Cu/Ceg7Zro30, catalysts with and without the
electric field at 473 K. Conditions: 1000 ppm N,O + 10%O,; catalyst
weight, 200 mg; total flow rate, 100 mL min™%; SV, 50000 h™?; current,
0 or 6 mA.

approximately 75%. In the catalytic reaction without the
electric field, N,O conversion was almost zero.

Fig. S3 in the ESIt shows the results of N,O conversion
over 0.5 wt% Rh/Ce;_,Zr,O, (x = 0, 0.1, 0.3 and 0.5) catalysts.
The 0.5 wt% Rh/Ce,;Zr,30, catalyst exhibited high N,O
decomposition activity with and without the electric field. For
that reason, the 0.5 wt% Rh/Ce, ;Zr, 30, catalyst was selected
for additional analyses.

Fig. 2 shows the catalytic activities for N,O decomposition
over the 0.5 wt% Rh/Ce, ,Zr,;0, catalyst and Ce,;Zry 30,
support with and without the electric field under 1000 ppm
N,O + 10% O, + 0 or 10% H,O. Fig. 2(A) confirmed the
excellent promotion of catalytic activity by application of the
electric field, even at low temperatures. These plots show the
steady-state activity after 90 min. The selectivity for N,
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Fig. 2 Catalytic conversion of N,O with and without the electric field.
(A) 1000 ppm N,O + 10% O, for 0.5 wt% Rh/Ceq7Zro30,. (B) 1000
ppm N,O + 10% O, for Ceg7Zro30,. (C) Conversion of N,O with time
on stream over the 0.5 wt% Rh/Ceq;Zro30, catalyst. (D) 1000 ppm
N,O + 10% O, + 10% H,O for 0.5 wt% Rh/Ceq7Zro30,. (E) Effect of
H,0 on N,O conversion over 0.5 wt% Rh/Ceq 7Zrg 30, with the electric
field at 433 K. Weight of the catalyst, 100 or 200 mg; total flow rate,
100 mL min%; SV, 50 000 or 100 000 h™%; current, 0 or 6 mA.
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generation was almost 100% (Fig. S4 in the ESI}). Fig. 2(B)
shows N,O decomposition over the Ce, ;Zr, 30, support (i.e.
no supported metal) in the presence of 1000 ppm N,O + 10%
0,. Negligible catalytic performance was observed without
the electric field at temperatures lower than 700 K. Very low
(approximately 10% N,O conversion) activities were achieved
at 423-773 K with the electric field, which suggests that the
high de-N,O catalytic performance observed at low
temperatures in Fig. 2(A) is attributable mainly to Rh.
Fig. 2(C) shows the N,O conversion with time on stream over
the 0.5 wt% Rh/Ce, ;Zr, 30, catalyst. The activity without the
electric field decreased gradually over time at 573 K, whereas
the activity remained stable for at least 90 min at 373 K when
applying the electric field. One can infer that O, strongly
adsorbs on the catalyst surface, inhibiting the reaction which
occurs without the electric field. Alternatively, one can
speculate that the detrimental effect of oxygen on the catalyst
is mitigated by electric field application. Oxygen effects on
catalytic activity are discussed later herein.

To investigate the H,O effects on the steady-state activity,
N,O decomposition with the introduction of H,O was
conducted as shown in Fig. 2(D). Although the presence of
10% H,O in the feed adversely affected the catalyst activity,
approximately 30% N,O conversion was achieved at 435 K
when using the electric field. In addition, H,O-switching
experiments for N,O decomposition were performed as a
function of time-on-stream, as shown in Fig. 2(E) with the
electric field and in Fig. S5 in the ESIf without the electric
field. As shown clearly in those figures, the N,O conversion is
lower with the introduction of 10% H,O, both with and
without the application of the electric field, but it recovers
immediately as soon as H,O is removed from the feed gas
stream, which indicates that H,O has a completely reversible
detrimental effect on de-N,O catalytic performance.

During these tests using the electric field, the catalyst bed
temperature was measured directly with a thermocouple to
verify the effects of Joule heating by the applied direct
current on catalytic activity. All graphs showing the
temperature dependence of activity show N,O conversion
against the actual catalyst bed temperature. Remarkable
enhancement of catalytic activity was observed, suggesting
that the high activity and selectivity are not solely attributable
to Joule heating. Moreover, structural analyses of the 0.5 wt%
Rh/Ce, ;Zr( 30, catalysts and Ce, ;Zr, 30, support before and
after the reaction are presented in Fig. S6 and Table S3 in the
ESLt It is noteworthy that the crystal structure, BET surface
area, and Rh particle size were equal before and after the
activity tests. None changed.

Reaction site in the N,O decomposition mechanism

To elucidate the reaction site for N,O decomposition, we
evaluated the turnover frequency (TOF) with various amounts
of Rh-supported catalysts. The TOF values determined by the
Rh surface area (TOF-s) and by the perimeter of the Rh-
support interface (TOF-p) are calculated based on the

4474 | Catal. Sci. Technol,, 2024, 14, 4471-4478
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following equations:
TOF-s [s7']
_ Number of moles of decomposed N,O
~ Number of Rh atoms present on the Rh surface

(7)

TOF-p [s7']
B Number of moles of decomposed N,O
" Number of Rh atoms at Rh-Ce,,Zr, 30, interface

(8)

Data from Table S4+1 were used to calculate TOF. Fig. S7 in
the ESIT shows that the TOF-s is independent of Rh particle
size, which suggests that N,O decomposition proceeds
mainly on the Rh surface with and without the electric field.
In addition, to confirm the electronic state of Rh loaded on
Cey.7Z1ry 30, both with and without the application of the
electric field during N,O decomposition, operando XAFS
measurements were performed. As shown in Fig. 3, the
oxidation state of the supported Rh species is Rh,Os3,
indicating that the active sites for the -catalytic N,O
decomposition are the Rh,0; surface.

Elucidation of N,O decomposition mechanisms

Reaction rate dependence on the partial pressures of N,O
and O,. To gain insight into the mechanisms taking place
over the 0.5 wt% Rh/Ce, ;Zr, 30, catalyst with and without
the electric field, we investigated the dependence of the N,O
conversion rate on the partial pressures of N,O and O,. Fig. 4
presents the N,O conversion rates as functions of the partial
pressures of N,O and O, for the 0.5 wt% Rh/Ce,;Zr, 30,
catalyst under N,0-0,-H,O conditions. The reaction orders
are presented in Table 1. Tests were conducted at 423 K with
the electric field and at 638 K without the electric field. As
depicted in Fig. 4(A), the N,O conversion rate increased with
the increase of the partial pressure of N,O at 500-2000 ppm
with and without the electric field. The influence of oxygen
mixed into the feed gas at 500-2000 ppm and at 5-15% on

5 () With EF 5 (B) Without EF

Rl ...Rnfol

Normalized adsorption / -
P
Normalized adsorption / -
(4]

23200 23400
Energy / eV

23200 23400
Energy / eV

Fig. 3 Operando Rh K-edge XANES spectra of 5 wt% Rh/Ceg7Zro30;
under N,O decomposition (A) with and (B) without the electric field.
Conditions: 1000 ppm N,O in N, balance; total flow rate, 100 mL
min~%; current, 0 or 6 mA.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Dependence of the conversion rate of N,O decomposition
over the 0.5 wt% Rh/Ceq ;Zro 30, catalyst on the pressures of (A) N,O,
(B) O,, and (C) O,. Conditions: 500-2000 ppm N,O + 10% O, + 10%
H,O, or 1000 ppm N,O + 0.05-15% O, + 10% H,O in Ar balance;
weight of the catalyst, 100 mg; total flow rate, 100 mL min%; SV,
100000 h™%; current, 0 or 6 mA; catalyst bed temperature, 423 K (with
EF) and 638 K (without EF).

Table 1 Reaction orders of N,O and O, with and without the electric
field over the 0.5 wt% Rh/Ceq 7Zrp 30, catalyst

With EF Without EF
Reaction order (500-2000 ppm N,O) 0.70 1.10
Reaction order (500-2000 ppm O,) -0.02 -0.21
Reaction order (5-15% Oy) -0.06 -0.51

the N,O conversion rate was also studied, as presented in
Fig. 4(B) and (C). On the catalyst without the electric field,
the decomposition of N,O was hindered by the coexistence of
oxygen. This trend is consistent with the gradual decrease in
activity without the electric field over time in Fig. 2(C). By
contrast, with the electric field, the dependence on P, was
found to be almost zero, indicating that the N,O conversion
rate is independent of oxygen concentration. This result
suggests that the application of the electric field mitigates
the oxygen inhibition of N,O decomposition.

Outlet N,/O, molar ratio. Fig. 5 presents the N,/O, molar
ratio monitored using the mass spectrometer during N,O

3 (A) Without EF at 638 K (0 ppm O2) (B) With EF at 423 K (0 ppm O2)

100 3 100

——-N/O2

—N0 440

——~——""

N2/O2
@
% | UOISIBAUOD OTN
N2/O2
@
9% / UOISIBAUOD OTN

05} —no 120

ol v v . g . .
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60

Time / min
(C) Without EF at 638 K (1000 ppm O2)

Time / min
(D) With EF at 423 K (1000 ppm O2)

250 —-N\,/O; | gp

N2/O:
N2/O2

% | UOISIBAUOD OIN
% / UOISIBAUOD OIN

0 0 0 n n . .
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60
Time / min Time / min

Fig. 5 N,/O, molar ratio under a flow of (A) and (B) 1000 ppm N,O +
10% H,O and (C) and (D) 1000 ppm N,O + 1000 ppm O, + 10% H,O
over the 0.5 wt% Rh/Ceq;Zr 30, catalyst without the electric field at
638 K and with the electric field at 423 K; weight of the catalyst, 100
mg; total flow rate, 100 mL min™%; current, 0 or 6 mA.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

decomposition. This investigation was conducted under a
flow of 1000 ppm N,O + 10% H,O + 0 or 1000 ppm O, at 423
K with the electric field and at 638 K without the electric
field, utilising the 0.5 wt% Rh/Ce, ;Zr, 30, catalyst. The outlet
concentrations of N,O, N,, and O, are displayed in Fig. S8 in
the ESLf Fig. 5(A) and (C) present the results obtained
without the electric field, revealing that the N,/O, molar ratio
initially exceeded 2 upon the introduction of N,O, with
subsequent convergence to a stoichiometric value of 2. This
result suggests that the N,O molecules are adsorbed onto the
active sites and that they are subsequently decomposed into
N,(g) and adsorbed oxygen, activated when the N-O bond is
cleaved.”*** By contrast, with the electric field shown in
Fig. 5(B) and (D), the initial N,/O, molar ratio fell below 2
upon supplying N,O and thereafter stabilised at a
stoichiometric value of 2. An N,/O, molar ratio lower than 2
indicates an excess of oxygen atoms detected in the outlet
gas compared to those produced during N,O decomposition.
This phenomenon is attributed to the direct N,O
decomposition through the Eley-Rideal (ER) mechanism,
wherein N,O reacts with oxygen atoms adsorbed onto the Rh
surface to form N,(g) and O,(g) in a 1:1 ratio. Therefore,
adsorbed oxygen is involved actively in N,O decomposition,
such that direct N,O decomposition proceeds at low
temperatures even in an excess oxygen atmosphere.
Reduction properties of the ceria-zirconia support. The
reduction properties of the ceria-zirconia oxide support are
crucially important for N,O decomposition. To investigate
the reduction properties of the Ce;_,Zr,O, (x = 0, 0.1 and 0.3)
supports, H,-TPR was performed with the electric field
according to the protocol shown in Fig. S9 in the ESILi As
depicted in Fig. S10 in the ESL} the reduction properties
improved with an increasing Zr content, which is consistent
with the de-N,O catalytic performance order shown in Fig.
S3t (x = 0.3 > 0.1 > 0). Furthermore, transient response tests
with "0, were conducted to investigate oxygen mobility in
the electric field. The experiment protocol is outlined in Fig.
S11 in the ESLf Fig. 6 presents the isotopic responses of m/z

1000ppm N,'®0 + 10%'60,

Imposing EF

—m/z=28
—m/z=34
—m/z=36

x0.2

MS signal / arb. unit

10 20 30 40 50
Time on stream / min

Fig. 6 Isotopic responses of m/z = 28, 34, 36 and 44, obtained after
switching from 80, to N,'°0 + %0, over the 0.5 wt% Rh/CeqZro 30>
catalyst; weight of the catalyst, 200 mg; total flow rate, 100 mL min™%;
SV, 50000 h™*; current, 0 or 6 mA.
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= 28, 34, 36, and 44 obtained after switching from '*0, to
N,'°0 + '°0, over the catalyst. When the electric field was
applied to the catalyst bed, '°0'®0 (m/z = 34) and "*0, (m/z =
36) were observed immediately after the application of the
electric field during N,O decomposition. Observation of the
80 fragment suggests that surface-lattice oxygen is migrated
by the application of the electric field (additional details are
presented in Fig. S12-S14 in the ESIT). Several studies have
demonstrated that the utilisation of an electric field
enhances the oxygen mobility of the catalyst. This
enhancement is believed to derive from the change in the Ce
valence induced by the electric field and the consequent
structural distortion.****

Proposed reaction mechanisms of N,O decomposition. In
order to investigate the N,O adsorption species on the 0.5
wt% Rh/Ce,,Zr, 30, catalyst, operando TIRS measurements
were conducted. Fig. S151 shows the TIRS spectra recorded
during N,O decomposition over the 0.5 wt% Rh/Ce, ;Zr, 30,
catalyst both with and without an electric field, at 373 and
573 K. According to prior studies,">?”**™*° two strong bands
at 2000-2300 cm™ and 1200-1300 cm ™ were ascribed to the
gas phase and/or adsorbed N,O peak. Additionally, all spectra
in Fig. S157 exhibited several other bands in the 1500-1700
em™' range, attributed to bridged and monodentate nitrates
adsorbed on the catalysts.*”*>*® The N,O concentration at
the outlet, as depicted in Fig. S16,f verifies that the N,O
decomposition reaction progresses under an electric field at
373 K. However, the spectra showed no discernible changes
with or without the electric field applied. Thus, these
findings suggest that nitrate species on the catalyst surface
may not be the primary intermediates in the N,O
decomposition reaction, but rather act as spectators.

Based on the results described above, we propose the
catalytic N,O decomposition scheme on the Rh/Ce;Zr, 30,
catalyst with and without the electric field, as depicted in Fig. 7.

For N,O decomposition without the electric field
(conventional system), we were able to propose that N,O
decomposition occurs through the following steps: (i) N,O
molecules are adsorbed onto the active sites of the Rh oxide

0, N,O N,O
VoA / /02
Vo Os v
. s e ° Rh,0, Os . .
Without electric field 0O, O, e [oN With electric field
Ceg.7Zr030, KKQ
N, ‘ ‘ Ny, O,
> N N, O, 4
. o. L N2 ®, Vv N
00+2 oo “y Ve Ve v"o
o, o, £ RhO; o, 0, 0,4 RO O o
Ceg7Zr030, Ceg7Zro30,
N,O N.
0, |2 N,O N,O 2 2 N,O
*\ j <02 No 2\ 4 Ny, O,
“ ) \ : [e) / R
v, Vo2 V%I v Vors v, ¢
0, 0, Rh,0; Vo o, o. VOO. Rh,0; O, o,
Ceg7Zro.30, Ceg7Zro.30,

Fig. 7 Presumed reaction scheme for N,O decomposition with and
without the electric field over the Rh/Ceg ;Zrg 30, catalyst.
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species (marked as Rh*). They subsequently decompose into
N,(g) and adsorbed oxygen (eqn (9)). (ii) O, desorbs to
regenerate the active sites (eqn (10)), thereby completing the
catalytic N,O decomposition cycle.

N,O + Rh* — N,(g) + Rh*-O (9)

2Rh*-0 «— 0,(g) + 2Rh* (10)

At low temperatures, the associative desorption of oxygen
species is regarded as the rate-determining step.'®*®°' Our
findings confirm the inhibitory effect of oxygen on N,O
decomposition. Furthermore, Fig. S171 shows the O,-TPD
profile for the 0.5 wt% Rh/Ce, ;Zr, 30, catalyst without the
electric field. The figure shows the desorption of oxygen
occurring around 573 K, corresponding to the temperature at
which N,O decomposition becomes active without the
electric field.

As for N,O decomposition with the electric field, the
assumed N,O decomposition in the presence of excess O,
with the electric field can be outlined as explained
hereinafter: (i) N,O molecules react with adsorbed oxygen
species on the Rh oxide surface. Subsequently, N,(g) and
0,(g) are released (eqn (11): ER mechanism). (ii) The catalytic
N,O decomposition cycle is completed by the adsorption of
oxygen on the Rh oxide surface according to eqn (9).

N,O + Rh*-0 — N,(g) + O,(g) + Rh* (11)

It is worth noting that the Ce,,Zr,3;0, support is also
involved in the N,O decomposition when applying the
electric field, as shown in Fig. 2(B). Earlier reports have
suggested that the oxidised support can transfer oxygen to
the noble metal (eqn (12)) because of strong metal support
interactions.?**7?27>

Rh* + Ce*-0O — Rh*-O + Ce* (12)

This oxygen migration step engenders the creation of new
N,O decomposition active sites on the Rh oxide surface
(denoted as Rh*-O) for the ER mechanism, further driving
the reaction presented in eqn (11).

Our observations suggest that the application of the
electric field enhances the redox properties of the Ce, ;Zr, 30,
support and facilitates the reaction in eqn (12), leading to
high N,O decomposition activity achieved at low
temperatures, even in the presence of excess O,.

Conclusions

The catalytic decomposition of N,O in an electric field at low
temperatures has been investigated. The reaction involves
adsorption onto Rh oxide sites, followed by desorption of
oxygen to regenerate the active sites. At low temperatures,
oxygen desorption is the rate-limiting step, indicating an
inhibitory effect of oxygen. When an electric field is applied,

This journal is © The Royal Society of Chemistry 2024
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the N,O decomposition is accelerated by oxygen migration
from the Ceq;Zr,30, support, where N,O reacts with the
oxygen adsorbed onto the Rh oxide surface. Increasing the Zr
content in the support improves the reduction properties,
which correlates with catalytic performance. Transient
response tests have demonstrated that the electric field
enhanced the oxygen mobility, leading to the migration of
surface-lattice oxygen to the catalyst surface and the
formation of the active sites (Rh*-O), ultimately increasing
the N,O decomposition activity achieved at low temperatures.
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