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1. Introduction

The catalytic reduction of NO to N2 by CO has been widely
applied in emission control for automotive exhaust [1]. In re-
cent years, CeOz has generally been used as an oxygen buffer in
three-way catalytic converter systems owing to its oxygen
storage/release capacity, undergoing redox processes involv-
ing the Ce*+/Ce3+ couple, CeO2 = CeOz-x + (x/2)02, that can
greatly promote CO oxidation [2]. Among transitional metals,
rhodium shows the strongest ability for specifically enhancing
NO reduction due to its ability to efficiently dissociate NO,
which is the main reason for Rh addition to commercial
three-way catalysts [3,4]. Additionally, Rh/ceria interactions
improve both resistance to thermally induced catalyst sintering
and catalytic activity due to additional bifunctional sites at the

metal-support interfaces [4,5].

Few reports exists concerning the formation of NH3 during
the catalytic reduction of NO by CO, but N20 selectivity has
been discussed [2,4,6,7], resulting in a misunderstanding of the
reaction mechanisms [8-11]. N2 selectivity is defined as ‘the
percentage of NO conversion to N2 (total reduced NO concen-
tration minus double N20 concentration) in total NO conver-
sion’ [7,12], indicating that only N2, N20, and CO2 products are
taken into consideration during the catalytic reduction of NO by
CO on Rh catalyst. Dropsch et al. [13] suggested that CO could
react with hydroxyl groups on the support to release hydrogen
gas. Until now, NH3 detection in the effluent gas has not been
used to analyze N2 selectivity, resulting in an improper mecha-
nistic and kinetic understanding of the NO/CO reaction on Rh
catalyst [11,14].
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NHs emission from automobiles is principally due to the
reduction of nitrogen oxides (NOx) by Hz generated from wa-
ter-gas shift and steam-reforming reactions [15-17]. Recent
studies [18,19] have emphasized that NH3 is among the main
factors causing the formation of secondary inorganic aerosols
(NH4", SO42-, and NOs7). Therefore, an exact understanding of
the NHs formation mechanism in the catalytic reduction of NO
to N2 by CO plays a significant role in effective NH3 emission
control for gasoline-fueled vehicles under transient driving
conditions. This work focuses on determining the behavior of
NHs generation and proposing a possible reaction mechanism
for NH3 formation during the catalytic reduction of NO by CO,
leading researchers to a more accurate analysis of light-off test
results.

2. Experimental

CeO2 was synthesized using a precipitation method. A slight
excess of 25% NH4OH solution was added dropwise into the
requisite amount of aqueous solution of Ce(NO3)3-5H20 under
continuous stirring. The obtained gelatinous precipitate was
aged at 80 °C for 3 h under vigorous stirring, filtered, and
washed with distilled water several times until no pH change
was observed. The precipitate was dried at 120 °C overnight
and then calcined at 300 °C in static air for 1 h. The resultant
powder was calcined at 550 °C for 4 h under an air atmosphere.

Rh-CeO2 catalyst was prepared by mixing the obtained ge-
latinous precipitate with Rh nanoparticles (NPs), followed by
aging, drying, and calcinating using the same method outlined
for CeO2 preparation. For Rh NP synthesis, polyvinylpyrroli-
done (PVP) and citric acid (CA) were added into 85 mL of
Rh(NOs)3 aqueous solution with a PVP monomer unit:CA:Rh
molar ratio of 5:4:1, and then placed in a 250-mL three-necked
flask. The mixture was preheated under a nitrogen atmosphere
and magnetic stirring to 60 °C for 5 min and the pH was ad-
justed to 3.0 by the addition of 10% NH4OH solution. The req-
uisite borane tert-butylamine (TBAB), which served as a re-
ducing agent in the reaction, was dissolved in 15 mL of distilled
water and added to the above mixture with a TBAB:Rh molar
ratio of 5:1. The reaction proceeded at 60 °C for 10 min.

Fourier transform infrared (FT-IR) measurements of the
solid samples were carried out in transmission mode on a Ni-
colet iS10 FT-IR spectrometer with a resolution of 2 cm-1 using
the KBr wafer technique and scanning 36 times. For wafer
preparation, catalyst sample (10 mg) was mixed with KBr (200
mg, Specpure) and pressed under a pressure of 20 MPa for
several minutes. The actual Rh loading amount was analyzed
on a PerkinElmer Optima 8000 ICP-OES instrument.

In-situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) was performed on a Nicolet 6700 FT-IR
spectrometer equipped with a mercury cadmium telluride
(MCT) detector. Each sample (100 mg) was pretreated at 500
°C for 60 min in a N2 stream and then cooled to room tempera-
ture. Before starting the experiment, background spectra were
recorded at 100 °C intervals from 100 to 500 °C in a N2 stream
at a heating rate of 10 °C/min. Each corresponding spectrum
was measured in a reaction gas stream containing 0.1% CO

and/or 0.1% NO for transient experiments. The total flow rate
of the mixed gas stream in these experiments was 100 mL/min.

The catalytic activity and selectivity of the catalyst samples
were studied in the catalytic reduction of NO by CO in a con-
tinuous flow fixed-bed microreactor. Catalyst samples (500
mg) with an average diameter of 40-60 mesh were placed in a
stainless-steel tube with an inner diameter of 5 mm to conduct
activity tests, and CO temperature-programmed reduction
(CO-TPR) and NO temperature-programmed oxidation
(NO-TPO) measurements. The reaction mixture gas, as shown
in Table 1, was supplied at a flow rate of 500 mL/min and the
space velocity was 60000 mL/(g-h). The temperature depend-
ence of the reaction was determined in tempera-
ture-programmed mode by heating from ambient temperature
to 500 °C at a heating rate of 10 °C/min. The composition of the
effluent gas was analyzed online using a 2030DBG2EZKS13T
MultiGas FT-IR Analyzer purchased from MKS Instruments, Inc.

The conversion rate of NO, X(NO), was calculated using
equation (1):

X(NO) = ([NOJin = [NOJout)/[NOJin X 100% 1
where [NO]in and [NO]ou are the concentrations of injected and
effluent NO gas, respectively. The conversion rate of CO, X(CO),
was calculated using the same method. The selectivities to N20
and NHs, S(N20) and S(NHs), respectively, were calculated us-
ing equations (2) and (3), based on the concentrations of N20
and NH3s products, respectively.

S(N20) = 2[Nz20]/([NOJin = [NOJout) X 100% 2)
S(NHs) = [NH3]/([NOJin = [NOJout) X 100% 3)
Activation energies were estimated for CO conversion using
the Arrhenius equation. About 200 mg of catalyst sample was
used in each measurement. The samples were first activated at
400 °Cin a CO/NO or CO/NO/Hz0 reaction mixture gas stream
at a total flow rate of 500 mL/min and then cooled to room
temperature. The composition of the effluent gas was analyzed
online at 10 °C interval in the (5-20)% CO conversion temper-
ature range. The specific reaction rate was defined as the total
number of moles of CO2 produced per second per mass of cata-
lyst at a specific temperature.

3. Results and discussion

The catalytic reduction of NO by CO is an important model
reaction for simulating three-way catalysis. In this work, model
CO/NO and CO/NO/Hz0 reactions were carried out using a

Table 1
Composition of reaction mixture gas stream for catalytic properties
test.

Reaction CO(%) NO(%) H0(%) H2(%) N;

CO-TPR 0.1 0 0 0 balance
NO-TPO 0 0.1 0 0 balance
CO/NO 0.1 0.1 0 0 balance
CO/H20 0.1 0 5 0 balance
NO/H:0 0 0.1 5 0 balance
CO/NO/Hz0 0.1 0.1 5 0 balance
NO/H: 0 0.1 0 0.052  balance

a Total conversion of 0.1% CO via a water-gas shift reaction would pro-
duce 0.05% Ha.
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Fig. 1. (a) CO and NO conversion and (b) NH3 selectivity curves during catalytic reduction of NO by CO.

typical fixed-bed flow reactor under a CO/NO stoichiometric
mixture. CO and NO conversion curves for the model reactions
are shown in Fig. 1(a). Tso values for CO and NO conversions in
the CO/NO reaction over Rh-CeO2 catalyst with an actual Rh
loading amount of 0.296% were 152 and 156 °C (Table 2), re-
spectively, which were significantly lower than those over the
CeO2 catalyst. This was further confirmed by the lower appar-
ent activation energy (Ea) of 36 k]/mol for the Rh-CeO2 catalyst
(Fig. 2), compared with 105 kJ/mol for the CeO2 catalyst, which

Table 2
Tso and Too values for CO and NO conversion in the catalytic reduction of
NO to N2 by CO.

. CeO2 Rh-Ce0:
Reaction Reactant
Ts02 (°C) Too® (°C) Ts0 (°C)  Too (°C)
CO/NO co 321 407 152 247
/ NO 325 379 156 250
co no data no data 155 266
CO/NO/Hz0
NO no data no data 162 266

2 Light-off temperature for 50% conversion.
b Light-off temperature for 90% conversion.
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Fig. 2. Arrhenius curves of the NO/CO reaction on (1) CeO: surface, (2)
Rh-CeO: surface, and (3) the NO/CO/H0 reaction on Rh-CeO: surface.
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explained the lack of intrinsic reactivity for base metals com-
pared with precious metals [3,20]. For the Rh-CeO2 catalyst,
water-induced active inhibition of CO and NO conversions was
explained by the corresponding increases in Too and Ea (up to
21 kJ/mol) compared with results under dry conditions.

NO is partially reduced to N20 as the main product on the Ce
site below 250 °C, and Nz0 selectivity decreased with increas-
ing temperature in the CO/NO reaction (Fig. 3). Notably, Fig.
1(b) shows that clear NH3 gas detection started at about 190 °C
and a maximum NH3 selectivity of 14.8% was obtained on the
CeO2 support at 268 °C in the H20-free reaction mixture. Fur-
thermore, CO and NO conversions of 17.1% and 12.6%, respec-
tively, were achieved at the same temperature. By contrast, N20
selectivity strongly decreased when Rh nanoparticles were
supported because N20 was more readily formed and binded
less strongly. Therefore, N20 was more likely to desorb into the
gas phase on CeOz2 surfaces than on Rh sites [11]. The Rh-CeO2
catalyst also showed higher NHs selectivity up to 236 °C, but
gave lower NHs selectivity at higher temperatures due to a
rhodium-mediated increase in reactivity.
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Fig. 3. N20 selectivity curves of the NO/CO reaction on (1) CeO: surface,
(2) Rh-CeO2 surface, and (3) the NO/CO/Hz0 reaction on Rh-CeO2 sur-
face.
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Fig. 4(b) shows that the amount of NH3 product on the
Rh-CeO: catalyst increased in the following order: CO/NO/Hz0
(0.0158% NHs3 at 203 °C) > CO/NO (0.0094% NHs at 222 °C) >
NO/Hz (0.004% NHs at 240 °C). There was no clear NHj3 for-
mation during the NO-TPO and NO/H20 reactions at low tem-
peratures. The results indicated that CO and NO might react
with hydroxyl groups on the surface of the CeO2 support to
release NH3 gas via a water-gas shift reaction, comprising the
chemisorption and reaction of CO with hydroxyl species, fol-
lowed by NO reduction, as described in equations (4) and (5)
[13,21,22].

20H +2C0 - CO2 + Hz €))
2NOx + (2x+3)Hz — 2xH20 + 2NH3 (5)

Results concerning the influence of water on NHz3 selectivity
are shown in Fig. 1(b). Two peaks for NH3 formation, centered
at 199 and 342 °C with NH3 selectivities of 25.2% and 20.9%,
respectively, were observed in the water mixed feed stream.
The maximum NHs selectivity at low temperature was at-
tributed to OH groups, while NHs was formed at high tempera-
tures due to the reduction of NOx by Hz, where CO reacts with
water to produce Hz and COz according to the water-gas shift
reaction, as shown in equation (6). Compared with the CO-TPR
results, CO conversion rates increased with increasing temper-
ature above 230 °C due to the water-gas shift reaction, as
shown in Fig. 5. Theoretically, 0.05% Hz would be released
when a total conversion of 0.1% CO was achieved in the wa-
ter-gas shift reaction. The competitive reaction of H20 and NO
with CO during the CO/NO/Hz0 reaction might form H: as a
product.

CO + H20 —» Hz + CO2 (6)

As shown in Figs. 4 and 5, CO conversion was observed
during the CO-TPR experiment, illustrating that CO indeed re-
acted with active species on the catalyst surface. There was
little NO conversion and NHs production under the NO/Hz0
stream, which indicated that H20 inhibited NO adsorption due
to the competitive adsorption of H20 and NO at the same sites
[23]. This inhibition effect would reduce the reactivity of NO
reduction by NHs, leading to increased NH3 emission.

FT-IR spectroscopy was used to further confirm that ad-
sorbed CO and NO reacted with hydroxyl groups on the surface
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Fig. 4. (a) NO conversion and (b) NHs formation curves on Rh-CeO: catalyst in temperature-programmed experiments using different gas mixtures.
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Fig. 5. CO conversion curves on Rh-CeO: catalyst in tempera-
ture-programmed experiments using different gas mixtures.

of CeOz2 to release NHs. The FT-IR spectrum of pristine Rh-CeO2
catalyst (Fig. 6) showed three main bands at 3693, 3650, and
3506 cm-1, which were assigned to Ce-OH terminal hydroxyl
groups (type 1), Ce2-OH double-bridging groups (type II), and
cerium oxyhydroxide impurities, respectively [24,25]. After the
CO/NO/H20 reaction, three main stretching vibrations of OH
groups were still detected, while the Ce-OH vibration showed a
sharp decrease in intensity and shifted to higher wavenumber
(3704 cm-1). However, no band was observed in the range
3800-3400 cm-! after CO/NO cycling. This was explained by
the interaction of adsorbed H20 with basic OH groups. Demou-
lin et al [22] suggested that hydroxylated surfaces resulted
from water vapor dissociatively chemisorbing to become hy-
droxyl ions. Surface water molecules can also react with chem-
isorbed CO species to form H* and formate ions [26].

Surface species evolutions of CO and/or NO on pretreated
Rh-CeO2 catalyst were also investigated using in-situ DRIFTS
measurements. The stretching vibrations of hydroxyl groups
exhibited a significant wavenumber shift after CO adsorption at
100 °C, as shown in Fig. 7(a). This was mainly due to the pres-
ence of surface hydroxyls on the CeOz support, which (1) al-
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Fig. 6. FT-IR spectra of (1) Rh-CeO: catalyst, and used catalysts from (2)
CO/NO and (3) CO/NO/H0 reactions.

lows the migration of adsorbed CO on Rh across the CeO2 sur-
face to isolated OH sites to form carbonates (1583, 1453, and
1402 cm-1), and (2) alters the coordination of chemisorbed CO
at the oxygen end, weakening the C-0 bond followed by facili-
tating CO dissociation during CO oxidation [24,25,27,28]. At
this temperature, the features at 2168, 2073, 2010, and 1760
cm-1 were attributed to Ce*+-carbonyls, gem-dicarbonyls, linear
carbonyls, and bridged carbonyls on Rh, respectively [27]. The
vibrational IR spectra of carbonyl species, and type I and II
hydroxyls, showed a decrease in intensity, which indicated the
consumption of adsorbed CO. The band at 3616 cm-! was as-
signed to O-H stretching vibrations of hydrogen carbonate
species formed by the interaction of CO with basic OH™ ions
[10,28]. In summary, the reaction of type I and II hydroxyls
with adsorbed CO led to a weakening of their vibrations and
hydrogen carbonate formation.

Figs. 7(b) and (c) show in-situ DRIFTS results for tempera-
ture-programmed experiments in NO and CO/NO streams, re-
spectively. Under NO, the obvious consumption of three types
of hydroxyl groups was accomplished by the reaction with NO,
with a peak apparition appearing at 3622 cm-1 (when the tem-
perature was raised to 300 °C). This was associated with N-H
stretching in coordinated ammonia from NH3 product adsorbed
on the oxide surface [29]. The consumption of adsorbed NO on
Rh (band at 1922 cm-1) and the formation of nitrates on CeO2

1403

(1594, 1568, and 1530 cm-1) were observed with increasing
temperature [23,30]. These results suggested that NO reacted
with OH groups to form nitrates and release NHs, explaining
NHs formation and clear NO conversion during the NO-TPO
experiment. In contrast, the peak at 3622 cm-! started to ap-
pear at a lower temperature (200 °C) and showed a higher
intensity at the same temperature when CO and NO were in-
troduced simultaneously, illustrating that CO played an im-
portant role in NHs formation during the NO reaction. These
results were in good agreement with those in Fig. 4(b).

4. Conclusions

NH3 production in the catalytic reduction of NO to N2 by CO
under dry conditions was ascribed to NO reduction by molecu-
lar hydrogen present in hydroxyl groups on the CeO2 surface.
In-situ DRIFTS results suggested that the consumption of ceri-
um oxyhydroxide impurities was directly accomplished by NO
reduction, whereas type I and II hydroxyls were consumed via
a water-gas shift reaction followed by NOx reduction, which led
to NHs generation. In the presence of water, water-induced
hydroxylation could promote NHs formation, whereas the
competitive adsorption of H20 and NO on the same sites would
inhibit the reactivity of NO reduction by NHs3, leading to in-
creased NHs emission.
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F R, EXE", Bz R
B RABRHRIFRABRESCAAHFRAIRELA LR E, =7 & 650106
PR AT EAAEREEAE, BARBAMEARES AR R T BHATELRE, =% & 650106

FE: COMEALIEIANOR R ARG R AL T i) — DN EE A OB, CeO 5 5y R AE AL IR R BiCeO, = CeO,,
+ (0/2)0, 1M F AT A E AR BT E F, AT LA Rt e 3 COSAAL, TR CeO, 1F Dy fil S8 REAMIEAL BRI 32 N2 TR A AL
. FERL IR TR b, B NO M B I M d vy, 2 H RTIRAE = AU o i O BB R SRS TR . HET, AR
Rh-CeO, 5 A4 71 2 T COIL JENO IR SCTHRAN SRV AL S REVE PEFIN, O FE L, X COIE JENO Js BLATL I 114 B g3 A 08 TR N
i, i A AR i ZE N HE O 1l 42 (1L 1 A 0 B 56, NHLHERCE KR £ DAINH, T 305 S0,” FINO, B 45 4,
SR UCBRLTG G, LI, B FLCOIE JENO S M A NH 3 E LB X 4 0 ZENH HE G ] BAT 4R EEL M ER R 3C 3K
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ATHE ST AL 50 7 COME AL IE S NO S J82 1) 2 T #5256 A 3 NH AR Jl i) L, 1 38 3o 5t 7 988 oo S A B ot 72 48 20 40 6 1% (im-situ
DRIFTS), {f BLH- A2 21 Sh 61 (FT-IR), F2 7 ik B/ A A6 (TPR/TPO) SE LR T RALBARIR BT T COIEJANO S MAL
B R RS T AR R B A S B FINH, 2B RO LEE.

W 78 % L, Rh-CeO, f# A4 71 ZR T COIE JFENO Ji 87 A NH 3 8 14 55z 1y 7T 3K 9.7%, S 87 WL AL BEAX 436 kI/mol, in-situ
DRIFTS, FT-IRFINO-TPOJ {45 S22 BH, NH, [ 4 5 vl A B T (A0 57 SR T fa 2 I 20 I BT, B CO-5 i 77 2 T g 37 72 A
MR B A oK A e B AE REH,, [ R P2 AR L IE JRNOAE BINH;; CeO,HF JE 5 2240 X2 F A0 T B R A L i)
P 22 B2 5NO K A I U N AR BONHG, {H 75 22 58 /5 0 S SR FE . BV E R, U S RS B E N 5% 7K Z8 S, Ho
LR MG AL RE SR W= T 21 kJ/mol ([F] b3 hn58.3%), HF & B & NH E B M W1 B3R /=, B i T 1K 25.3%( R L 36 51 160.8%),
FT-IRJA L SRR B, X2 i T 7K 28 S AE - AR AL SR R A, RIETE SRR DR TS, XS = ARt 7
Uity (57 3 J2 RN A B 10 A e A S BT B2 NH IR B M. [, X LENO/H,, CO/NOFICO/NO/H,0 % B [)INH; 2E il ik
B, AR I, HyO 53 F 5 NOM) 5% 4 W B 2 3] A A 25 W B INHG 1E— 2B IR JENO, 980 [ R A FNH, (1Y) T #E, R A58 248
FSC TN M A A 7500 2 T B Bt 28 OAE Hh, 3X 2 7K 283 BONH e 56 1 W R 3 hn () s 2 R . DL &6 BB M b 22 B 1 ke 447
Fe M Ik i 201 AR Z8 S50 T 5 NOMI T 5+ I AT A COIE JFINO S 87 HINH 3 AR 3 (1) B 22 5 .

KHEIR): NH 4 il NOIRJ&; CO%L; JRALIE [ i 8 AR H 2T A0 i Ak
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