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Nobel metal (Pt, Pd, Ir) based catalysts are developed to cover a wide working temperature window for exhaust
emission control from Hy internal combustion engines. A preliminary exploration including measurement of
catalytic activities, redox states, and reaction processes is carried out regarding how the functions of the three
metals varied with temperature.

1. Introduction

The EU regulations on greenhouse gas emissions and the new Euro 7
standards which are proposed to stipulate near-zero emission re-
quirements for CO and other exhaust gases pose ever greater challenges
for the emission control of engine exhausts, thus the applications of
hydrogen energy have been further promoted [1]. Compared to con-
ventional diesel, Hy has a wider range of flammability and low ignition
energy demand, which means Hy-ICE can reach stable combustion at an
earlier stage resulting in a shorter cold start [2]. Hydrogen gives carbon-
free energy, and in principle, nitrogen oxides (NOy) are the only unde-
sirable engine emissions [3]. Therefore, NOx reduction units are neces-
sary for the after-treatment. Compared to the conventional ammonia-
SCR, H»-SCR exhibit lower activity and selectivity. However, H-SCR
has a large advantage since it does not require a urea tank and injection
system on the vehicles, which is why its development is important for
the future.

Platinum group metals, in particular, Pt and Pd have been commonly
proposed to have the most activity for NOx reduction by Hy [4-6]. Over
two decades of research, many scholars have found that Pt-based cata-
lysts could reach a high NO conversion at low temperatures
(100-200 °C), however with a problematic high selectivity for the for-
mation of N»O, an unwanted byproduct of Ho-SCR [7]. Burch et al. found
that the reduction of NO started from 40 °C and reached a maximum
conversion of 75% at 90 °C on a Pt/SiO; catalyst [8]. Opposite to the
catalyst performance of Pt-based catalysts, Pd counterparts are attrac-
tive for NO reduction with higher N selectivity. A Pd/y-Al,O3 catalyst
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showed NO conversion of over 95% and N selectivity of above 80% at
200 °C [9]. Apart from Pt and Pd, Ir has been reported to offer two
advantages - higher Ny selectivity and high-temperature catalytic
properties. In particular, Ir-based catalysts can still convert NO to Ny at
high temperatures (>300 °C) under an oxygen environment when the
catalyst surface is dominated by oxygen [10]. It should be noted that the
competitive reaction, hydrogen combustion, is highly active on the
noble metals at high temperatures. Additionally, noble metals may
suffer sintering and ageing at elevated temperatures [11]. Therefore, the
development of catalysts working over a wide temperature range is
important to not only prevent cold start emissions (low temperature) but
also retain good catalytic Hy-SCR performance at medium/high tem-
peratures (300-500 °C) [12,13].

In recent years, zeolites, have been reported to have a positive effect,
especially for Nj selectivity on Hy-SCR catalysts [7,14]. Wen et al. used
MFI zeolite as a support to load Pd and achieved a NO conversion of 70%
at 100 °C without any byproducts over a broad temperature range
(100-400 °C) [15]. Deutschmann and co-workers modified ZSM-5 and Y
zeolite by TiO, and compared their performance. The light-off mea-
surements showed that Pd supported on the modified Y zeolite catalyst
had a superior performance for NO conversion and N selectivity than
the ZSM-5-supported catalyst [16]. Chabazite - a typical small-pore
zeolite, is a well-known support for the development of Cu-based cata-
lysts for the NH3-SCR application, which have superior activity and Ny
formation selectivity due to their extraordinary physiochemical prop-
erties and hydrothermal stability [17,18]. However, they have not been
commonly used for the development of H,-SCR catalysts. In one of few
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studies, Pt/SSZ-13 was shown to exhibit an NO conversion of 81% at
100 °C with 91% selectivity for Ng and this catalyst was better than Pt/
ZSM-5 and Pt/SAPO-34 during stability tests in the presence of SO, and
H,0 [19].

There seems to be a certain academic consensus on the performance
of Pt and Pd for H,-SCR, but interestingly there are still discrepancies in
the limited studies on Ir-based catalysts. Burch et al. have reported that
Ir had no activity for Ho-SCR [8]. By contrast, Nanba and co-workers
have demonstrated that iridium, even though possessing lower reac-
tivity than Pt or Pd, does exhibit definite activity [20], which is sup-
ported by DFT calculations that Ir is most active for NO reduction only at
Ir (211) facet [10]. The authors concluded that the nature of the noble
metals can affect the working temperature. However, this work only
focused on the activity in the low-temperature region and the increased
N, selectivity on Pt-based catalysts. It should be noted that most of the
data reported in the literature until now has involved the testing of
powder catalysts. Compared to these, our work is a systematic study of
honeycomb monoliths containing Pt/Pd/Ir supported on SSZ-13 zeolite
catalysts and focuses on both low and high-temperature performance. It
is well known that monolith catalysts have different transport properties
than packed beds of catalysts and are preferred for application in
aftertreatment systems [21].

2. Experimental

The SSZ-13 zeolite was synthesized by a hydrothermal method. The
monometallic Pt/Pd/Ir supported on SSZ-13 catalysts with 1 wt%
loading (confirmed by ICP-SFMS test) was prepared by an incipient
wetness impregnation method. The powder catalysts were wash-coated
onto the honeycomb monoliths. The activity tests were carried out using
a flow reactor with the monolith inserted. The details of the sample
preparation, flow reactor setup, activity test protocol and characteriza-
tion are provided in the Supplementary Information (SI).

3. Results and discussion

Fig. 1 and Fig. 2 compare NO conversion, selectivities, and the
amount of Ny produced, by the three catalysts with different active noble
metal elements. The NO conversion trend is Pt > Pd > Ir, and the
maximum nitrogen generation reached 100 ppm, 45 ppm, and 10 ppm,
respectively. Also, Fig. 2 reflects that the temperature intervals affected
by the three different active centres have a clear trend from low to high,
which corresponds exactly to the catalytic activity. For example, the Pt
catalyst has the lowest active temperature interval (80-250 °C) for Ho-
SCR and the highest reactivity. As shown in Table 1, based on XPS ex-
periments, only the Pt catalyst was predominantly in its metallic state
(73.7%) among the three catalysts. Whereas the noble metals in both Pd
and Ir catalysts are in their oxidized states (Pd?**/Pd** and IrP*/1Ir*,
respectively). Hence, the redox state is different for the three samples
and could be one of the reasons for the differences in reactivity. The
reduction of NO to N3 on the Pd catalyst occurs at a higher and wider

Table 1
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temperature interval (110-390 °C) than for Pt/SSZ-13. However, NO
conversion is relatively low compared to Pt (Fig. 1), and the maximum
amount of Ny production is approximately 45 ppm. It is noticed that the
Pd catalyst shows a maximum Ny selectivity of about 80% within its
active temperature range. This selectivity for Ny is greater than the
maximum selectivity of 75% of the Pt catalyst that only exists at a
certain temperature point.

The nature of Pt and Pd differed in their activity for Hy oxidation,
also Pt/SSZ-13 existed in a more metallic state than the Pd sample,
resulting in faster Hy consumption by its combustion which is shown in
Fig. S1. Unlike Pt and Pd, the NO reduction performance of the Ir
catalyst was near negligible after the degreening pretreatment (Fig. 1
and Fig. 2). However, the catalytic performance of the Ir catalyst
increased after the Hy pretreatment. Surprisingly, the Ir catalyst could
reduce NO to Ny at temperatures beyond 300 °C with only a small for-
mation of N3O and NO,. The ability of the Ir catalyst to catalyse NO
reduction at a high-temperature range is related to the nature of Ir. This
is shown by the fact that Ir had the least low-temperature activity for Hy
oxidation (Fig. S1) and therefore the Hy oxidation was not equally
competitive with Ho-SCR of NO, unlike the case with the Pt catalyst.
Thus, the different temperature characteristics of the three catalysts
were related to the characteristics of the oxidation reaction of hydrogen
over the catalysts. Li et al. have investigated the Hy oxidation perfor-
mance on an Op-rich IrO; surface. They observed that Hy can be effi-
ciently dissociated on the IrO, (110) surface, but that HoO desorption is
the limiting step suppressing the H2O production [22]. This would
suggest that the activity of the Ir catalyst may be strongly inhibited by
the 5% H5O in the feed at low temperatures. Both slower competitive
hydrogen combustion and the more inert nature of iridium are reasons
why H2-SCR occurs at high temperatures.

Since each catalyst exhibited distinct working temperature windows,
an attempt was made to examine the activity of a combination of the
three catalysts positioned sequentially in order of Ir/SSZ-13-Pd/SSZ-13-
Pt/SSZ-13, while maintaining the same space velocity and feed gas
composition. The catalyst series was arranged with Pt positioned
furthest downstream to avoid premature hydrogen consumption, since it
is highly active in hydrogen combustion, as observed in Fig. S1. The Pd
catalyst was placed in the middle and Ir was the first catalyst. Note that
pre-oxidized (de-greened) catalysts were used. The formation of Ny
product from the Hy-SCR of NO was detected by a mass spectrometer
because Ny is not detectable by FTIR analysis. Fig. 3(a) shows that ni-
trogen generation in the activity test exhibits two distinct peaks for the
lower and middle-temperature ranges. Since pre-oxidized iridium cata-
lyst activity was inherently low,it had a neglectable activity in this
experiment and there is no clear peak at higher temperature.

In view of the special high temperature NO reduction, but low ac-
tivity of the Ir catalyst, a reduction pretreatment was investigated as a
strategy to improve its reactivity. It is surprisingly observed in Fig. 2,
that the Ny formation was approximately doubled with the reduction
pretreatment. However, when examining the Ny generation as well as
the water generation data for repeated cycles of Hy-SCR over the

X-ray photoelectron data including redox states, binding energy, and state fractions de-greened 1 wt% Pt, Pd, Ir/SSZ-13, 1 wt% Ir/BETA, Ha-pretreated 1 wt% Ir/SSZ-

13 and Hy-pretreated 1 wt% Ir/BETA catalysts.

Catalysts State Binding energy:Pt(4f;,2/4fs,2) /eV, State Binding energy: Pt (4f7,2/4fs,2) / €V, Fraction of two states/%
Pd(3ds/2/3ds,2) /eV, Ir(4f;,2/4fs5,2) /eV Pd(3ds,2/3ds,2) /eV, Ir(4f;,5/4fs,2) /eV

Pt/SSZ-13 pt® 70.6/74.4 pt** 72.6/75.8 73.7/26.3
Pd/SSz-13 Pd%+ 335.9/341.2 pd*+ 338/343.4 21.2/78.9
Ir/SSZ-13 I3t 62.1/65.0 I+t 63.6/66.6 67.6/32.4
Hy-pre Ir/SSZ-13 ° 61.0/64.0 It 62.0/65.0 32.5/67.5
Ir/BETA I 62.3/65.4 Ir*t 63.5/66.5 72.5/27.5
H,-pre Ir/BETA ° 61.3/64.5 I 62.3/65.3 50.2/49.8
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Fig. 1. (a) NO conversion of de-greened 1 wt% Pt/SSZ-13, 1 wt% Pd/SSZ-13 and 1 wt% Ir/SSZ-13 de-greened samples. (b-d) Selectivity of de-greened 1 wt% Pt/SSZ-
13, 1 wt% Pd/SSZ-13 and 1 wt% Ir/SSZ-13. N, is determined by mass balance using FTIR data. (GHSV = 20,000 h’l(STP); gas inlet: 10% O, 5% H>0, 500 ppm NO,

5000 ppm H, balanced in Ar; T: 80-500 °C; heating rate: 5 °C/min).
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Fig. 2. Amounts and temperature intervals of N generation on degreened 1 wt
% Pt/SSZ-13, 1 wt% Pd/SSZ-13, 1 wt% Ir/SSZ-13 and Hy-pretreated 1 wt% Ir/
§SZ-13.(GHSV = 20,000 h~'(STP); gas inlet: 10% O,, 5% H,0, 500 ppm NO,
5000 ppm H, balanced in Ar; T: 80-500 °C; heating rate: 5 °C/min).

temperature range (Fig. $2), it is evident that there were some transient
changes. The water production was shifted to higher temperature and
eventually levels off resulting in the same water production for the
oxidized and reduced sample (Fig. S2(b)). Interestingly, the nitrogen
production (Fig. S2(a)) was similar in amount for the five cycles, but it
shifted to somewhat higher temperatures. Thus, the nitrogen production
capacity was maintained for the five cycles. The same reduction pre-
treatment strategy was also applied for the Pd/SSZ-13 sample but
without any significant improvement (Fig. $3). In addition, the simul-
taneous increase in hydrogen feed concentration and the use of
hydrogen pretreatment succeeded in increasing the overall activity for
Ny production of the three catalysts arranged in series (Fig. S5), indi-
cating that the catalytic effect of the combination showed potential for
further optimisation.

Besides the Hy-pretreatment strategy, Ir was loaded onto BETA
zeolite instead of SSZ-13 chabazite zeolite with the same wet incipient
impregnation method to further improve the activity of the Ir mono-
metallic catalyst. It was observed in Fig. 3(b) that the Hp-pretreated
BETA zeolite supported catalyst showed higher reactivity than the SSZ-
13 supported catalyst. Moreover, after hydrogen pretreatment, nitrogen
was generated at a lower and wider temperature range (140-450 °C),
and the amount was nearly doubled. XPS results in Fig. 4 reveal that
after hydrogen pretreatment, Ir® and Ir>" were present instead of Ir>*
and Ir*" both on the BETA and SSZ-13 supported catalysts along with
specific values for the content of each state, as shown in Table 1. For the
original oxygen-pretreated Ir/SSZ-13, two pairs of peaks are detected at
the binding energy of 62.0/65.0 eV and 63.6/66.6 eV, which are
assigned to 4f;/o/4f5,5 of It and Ir** species, respectively. After the
reduction pretreatment, the two pairs of peaks appeared at lower
binding energies at 61.0/64.0 eV and 62.0/65.0 eV, which belong to the
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Fig. 3. (a) Mass spectrometry signals of N, generation and calibrated concentration (4 cycles) from the catalyst series: Ir/SSZ-13-Pd/SSZ-13-Pt/SSZ-13 (Pre-oxidized
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5000 ppm Hj balanced in Ar; T: 80-500 °C; heating rate: 5 °C/min).
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Fig. 4. XPS analysis results of 1 wt% Ir/SSZ-13 and 1 wt% Ir/BETA and their Hy-pretreated catalysts.

1r° and Ir3" species. It is also confirmed with the XPS data of BETA and
SSZ-13 supported Ir catalysts, that Ho-pretreated Ir/BETA was in a more
reduced state than Ir/SSZ-13, which is likely related to its higher activity
for the H,-SCR reaction.

DRIFT spectra were examined with de-greened 1 wt% Pt/SSZ-13,
Pd/SSZ-13, and Ir/SSZ-13 samples to study aspects of the catalytic
mechanism via a two-step procedure including NO adsorption and H-
NO reaction. As is shown in Fig. 5(a), spectrums collected at 80 °C in
500 ppm NO gas flowing over the three catalysts have matching peaks at
2150, 1630, and 1590 cm L. It has been reported in several studies that
the IR adsorption peak at 2150 cm ™! is assigned to NOy species weakly
adsorbed on the acidic sites of the zeolite [23]. The other two peaks
appearing at 1630 and 1590 cm™! belong to bridging nitrates and
bidentate nitrates, respectively [24]. The intensities of these two peaks
were relatively larger on the Ir/SSZ-13 catalyst, which illustrates that
there was a stronger NO adsorption on Ir/SSZ-13 than on the Pd/SSZ-13
and Pt/SSZ-13 catalysts. Two additional IR peaks at 1860 and 1818
cm™! were observed on the Pd/SSZ-13 catalyst, unlike the spectra of the
Ir and Pt catalysts. In a recent study, Mandal and coworkers observed

similar peaks during the adsorption of NO on Pd/SSZ-13 and suggested
that the peak at 1860 cm ! belongs to Z[PdH(NO’)(HZO)g], which was
also comparable with the DFT-computed NO vibrational frequency [25].
Additionally, the peak at 1818 cm ™! has been attributed to [ZPd'(NO)]
[26]. Briefly, the extra two peaks observed on Pd/SSZ-13 belong to NO
adsorption on ion-exchanged Pd species. Considering the smaller par-
ticle size of the Pd catalyst, as shown in Table S1, compared to Pt/SSZ-
13, it can be hypothesised that Pd probably was more ion-exchanged
into the zeolite pores than Pt/SSZ-13. In fact, the similar two peaks
were found on the surface of the other two catalysts, but with low in-
tensities. NO and O; co-adsorption profiles were also studied and dis-
cussed in the Supplementary Information (Fig. S6). The NO
adsorption spectra of de-greened Ir/SSZ-13 were recorded at an
increased temperature of 200 °C (Fig. 5(b)). The peak at 1340 cm ! had
a dominant intensity and is assigned to a nitro complex on the metal
cation of the metal oxide or nitrato species (NO3) which could be formed
by the surface O associated with NO [23,27,28]. The same peaks as for
NO adsorption were also observed after flowing NO and H, simulta-
neously, suggesting that there was no or very limited H,-SCR reaction.
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Fig. 5. In situ DRIFT spectra of (a) de-greened 1 wt% Pt/SSZ-13, Pd/SSZ-13, and Ir/SSZ-13 catalysts collected at 80 °C after exposure to 500 ppm NO; (b) de-greened
1 wt% Ir/SSZ-13 catalyst collected at 200 °C after exposure to 500 ppm NO (black) and 500 ppm NO +5000 ppm H; (red); (c) Ho-reduced 1 wt% Ir/SSZ-13 catalyst
collected at 200 °C after exposure to 500 ppm NO (black) and 500 ppm NO +5000 ppm Hj (red); All absorbance intensities in the spectrums are plotted in the same
scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

H,-SCR will be hindered if NO is adsorbed on the catalyst in a highly
stable state and cannot be catalytically decomposed for further reactions
or because the overly strongly adsorbed NO occupies almost all active
sites to the extent that Hy cannot be adsorbed and dissociated into active
atoms. The same NO adsorption measurements were done at 200 °C for
Pt and Pd and the results did not show any characteristic peaks (Fig. S7).
This suggests that the adsorption of NOy on the surface of these two
catalysts was not as stable at 200 °C.

Interestingly 1r/SSZ-13 showed a weakened NOy adsorption profile
after being pre-reduced (black curve in Fig. 5(c) and Fig. $8. Although
the 1340 cm ™! adsorption peak was still present in Fig. 5(c), signifi-
cantly weaker adsorption on the reduced sample can be seen in Fig. S8.
These results can explain the increased activity for NO and H; over the
reduced Ir/SSZ-13. Many of the newly generated bands in the DRIFT
measurements were likely linked to the reduced Ir catalyst promoting
the catalytic activity as evident by the activity tests. Large peaks beyond
2000 cm ™! were mainly assigned to O—H stretching from water for-
mation which is the main product of the reaction [29]. The other smaller
peaks at 1750 and 1930 cm ™! are related to H,O adsorption on the
zeolite framework or nitrates adsorbed on the support [30-32]. The
peak at 1454 cm™! indicates the formation of ammonium ions on the
catalyst which plays a role as an intermediate in the reaction process
[33].

4. Conclusion

In conclusion, the three metals — Pt, Pd, and Ir supported on SSZ-13
zeolite were evaluated for Hp-SCR activity and proven to have their
distinct functional temperature intervals covering a broad temperature
range for the reduction of NO to Nj. Since Ir has a special high-
temperature activity for Ho-SCR, reduction pretreatment, as well as its
loading on a different support, namely BETA zeolite, were two strategies
that could be used to improve its performance. DRIFT measurements
demonstrated (i) strong NO adsorption on the de-greened Ir/SSZ-13
catalyst at 80 °C (ii) Pd was present to a greater extent as ion-exchange
ions compared to the other two metals (iii) oxidatively-pretreated Ir/

SSZ-13 adsorbed NOy in a different state and was more stable at 200 °C
(iv) after reduction treatment, NOy adsorption on the surface of Ir at
200 °C was weakened, which contributed to the subsequent reaction.
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