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ABSTRACT: The replacement of precious metals (Rh, Pd, and Pt) in three-way
catalysts with inexpensive and earth-abundant metal alternatives is an ongoing
challenge. In this research, we examined various quaternary metal catalysts by selecting
from six 3d transition metals, i.e,, Cr, Mn, Fe, Co, Ni, and Cu, equimolar amounts (0.1
mol each), which were prepared on the AlL,O; support (1 mol Al) using H, reduction
treatment at 900 °C. Among 1S5 combinations, the best catalytic performance was
achieved by the CrFeNiCu system. Light-oft of NO—CO—C;Hs—0,—H,0 mixtures
proceeded at the lowest temperature of <200 °C for CO, <300 °C for C;Hy, and <400
°C for NO when the molar fraction of Cr in Cr Fe, ;Ni,;Cu,; was around x = 0.1. The
activity for CO/C;H, oxidation was superior to that of reference Pt/Al,O5 catalysts but

was less active for NO reduction. The structural analysis using scanning transmission

electron microscopy and X-ray absorption spectroscopy showed that the as-prepared catalyst consisted of FeNiCu alloy
nanoparticles dispersed on the Cr,0;—ALO; support. However, the structural change occurred under a catalytic reaction
atmosphere, i.e., producing NiCu alloy nanoparticles dispersed on a NiFe,O, moiety and Cr,0;—Al,O; support. The oxidation of
CO/C;Hg can be significantly enhanced in the presence of Cr oxide, resulting in a faster decrease in O, concentration and thus

regenerating the NiCu metallic surface, which is active for NO reduction to N,.

1. INTRODUCTION

Currently, the replacement of precious metals (Rh, Pd, and Pt)
in three-way catalysts (TWC) with inexpensive and earth-
abundant metal alternatives is a challenging topic in
automotive technology, not only for conventional internal
combustion engines but also for state-of-the-art hybrid-
electrified powertrains. Particularly, Rh is one of the most
scarce metals, with TWC accounting for more than 80% of
total demand because this metal plays a crucial role in the
catalytic NO reduction to N,. Several attempts have been
made in the past to replace this critical metal with other
metals,' """ but none have been successful for widespread
practical use. The high activity is closely associated with
dissociative chemisorption of NO as N; + O, (subscript s is the
adsorbed species) on the Rh metal surface.”””" Theoretical
investigations suggested that 3d transition metals (M)
including Fe, Co, and Ni also facilitate the cleavage of the
N—O bond and the formation of M—N, and M—O, bonds.”>**
However, the as-formed M—N; and M—O, bonds are strong
enough to monopolize the surface and hinder catalytic cycles.

Cu is a promising candidate to replace precious metals in
TWC applications among 3d transition metal elements.
Although several Cu-based oxide catalysts have been
extensively studied from both experimental and theoretical
points of view,**~>'"'7?*732 Cu metal catalysts that can easily
appear under stoichiometric TWC conditions are also
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promising. The Cu metal surface favors nondissociative NO
adsorption, but it also catalyzes NO reduction by dimerizing
two NO molecules to form ONNO, followed by the N—O
bond cleavage to form N,.>>** The Cu metal surface’s activity
can further be modified by a combination with other transition
metals. A NiCu alloy is one such case showing superior
catalytic performance for NO reduction, as revealed by several
research groups.'”'>*°7* Tanaka et al.’® and Asakura et
al."*'>% reported the higher catalytic activity of NiCu
compared to its monometal counterparts. Papanikolaou and
Stamatakis®” successfully demonstrated the NiCu surface’s
catalytic activity in the NO—CO reactions using density
functional theory combined with microkinetic modeling. We
investigated various ternary 3d transition metal nanoparticles
supported on AlL,O; as NO reduction catalysts in a
stoichiometric NO—-CO-C;H:—0,—H,0 reaction.””*® In
the presence of high-concentration H,O, a ternary FeNiCu
catalyst was discovered to have higher TWC activity and
stability than unary and binary Cu-based metal nanoparticles,
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Figure 1. Conversion of NO in a stoichiometric NO—CO—C;H¢—0,—H,0 reaction over equimolar quaternary 3d transition metal catalysts. The
composition is expressed by two elements excluded from the six elements (Cr, Mn, Fe, Co, Ni, Cu). Instantaneous NO conversion at (a) 500 °C
and (b) 600 °C in the first light-off run. Steady-state NO conversion when the reaction temperature was kept at 600 °C for 1 h in (c) the first and
(d) the second light-off runs. The size of the circles and numbers represents NO conversion values (%). The CrFeNiCu catalyst showing the

highest activity and stability is highlighted in red.

which is associated with the regenerability of metallic species
under the reaction atmosphere. The FeNiCu catalyst as
prepared by H, reduction treatment at 900 °C consisted of
single alloy nanoparticles, whereas the surface was oxidized
under a low-temperature TWC atmosphere (<300 °C). Cu
and Ni reconstructed the metallic alloy nanoparticles at >300
°C, but most Fe remained fully oxidized and formed a spinel-
like Fe—Ni oxide. This oxide plays a crucial role in promoting
the oxidative adsorption of C;H4 as a carboxylate and the
subsequent reaction with NO to form N,. As oxidative C;H,
adsorption consumes O,, this offers a more reductive surface
environment, thus improving the stability of the active metallic
state of Ni and Cu. These previous results show that the
multinary 3d transition metal catalysts can offer useful and
promising approaches for developing novel TWC free of Rh,
Pd, and Pt. However, multinary 3d transition metal systems
with more than three are not investigated systematically so far.

In this study, we examined several Al,Oj;-supported
quaternary 3d transition metal systems by selecting four
elements from Cr, Mn, Fe, Co, Ni, and Cu, which were
prepared by a polymerized complex process followed by high-
temperature H, reduction at 900 °C. The CrFeNiCu catalyst
was found to show the highest light-off activity for a
stoichiometric NO-CO-C;Hs—0,—H,0 gas mixture
among the 15 variations of equimolar quaternary systems.
Therefore, further studies were focused on Cr,FeNiCu with
different numbers of Cr molar fractions (0 < x < 0.15) to
optimize the metallic composition. To reveal the role of Cr in
the ternary catalysts, X-ray diffraction (XRD), X-ray absorption
fine structure (XAFS) analysis, and high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) with energy-dispersive X-ray spectrometry were
applied to characterize the nanostructure and chemical state
of each metal, compared with the ternary FeNiCu catalysts in
our previous studies.””**

2. RESULTS AND DISCUSSION

2.1. Screening of Quaternary Catalysts. Several
quaternary catalysts were prepared using equimolar four
elements selected from the six 3d transition elements (Cr,
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Mn, Fe, Co, Ni, Cu) to examine their TWC activity. Our
previous study found a possible superiority of quaternary
FeCoNiCu systems to ternary, binary, and unary Cu-based
catalysts,”” and this study extends this approach to the other
combinations. Figure 1 illustrates representative results of the
catalytic test performed in a light-off mode; the catalyst was
first heated at a rate of 10 °C min~! to 600 °C, where the
temperature was kept constant for 1 h, followed by a ramp
down to 100 °C at the same rate. In the same manner, this
sequence was repeated twice (first and second runs). Here, the
catalyst composition is expressed by a combination of two
elements excluded from the six elements. For example, the
catalyst without Co and Mn (highlighted by red fringes in
Figure 1) refers to the equimolar CrFeNiCu catalyst (x =
0.10). Figure lab shows the values of the instantaneous NO
conversion over quaternary catalysts when the reaction
temperature reaches 500 and 600 °C. The CrFeNiCu catalyst
showed the fastest light-off of NO conversion (78% at 500 °C)
and reached a complete conversion at 600 °C. Similar trends of
catalytic activity were confirmed when the conversion of CO
and C;H4 was used as measures instead of NO (Figure S1).
Figure 1c,d compares values of the apparent NO conversion
when the temperature was kept constant at 600 °C for 1 h after
the first and second light-off runs. CrFeNiCu (highlighted by
red fringes in Figure 1) achieved the highest conversion near
100% for both runs. In contrast, NO conversion over
CrMnCoCu (without Fe and Ni) reached 100% at 600 °C
in the first run but declined to 67% after a 1 h reaction at 600
°C in the second run. We chose CrFeNiCu as the possible
candidate since it had the lowest light-off temperature and
highest conversion at 600 °C. This result confirmed our
previous findings, demonstrating that FeNiCu was the most
active among the ternary systems, and showed the positive
effect of adding Cr to enhance the activity. The activity tends
to be very low when Cu is not contained in the quaternary
systems (Figure 1), indicating that this element is crucial and
thus indispensable in substituting the function of precious
metals in TWC.

In the following, further studies were focused on the TWC
light-oft characteristics of the quaternary Cr,FeNiCu catalyst
system with different amounts of Cr added (0 < x < 0.15).

https://doi.org/10.1021/acsomega.2c05043
ACS Omega 2022, 7, 44869—-44877


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05043/suppl_file/ao2c05043_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05043?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05043?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05043?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05043?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

100 100 ® L 4 @
o (a) ° (©) °
S [
~ 80 r ¢ [ ®
c () [}
% 60 | °
Zz 40
3
o 20
Z
0 1 1 80 1 1
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15
100 [ [ ® @ 100 ®
< 0 YU @ . e °
- [ )
c
ie} °
17
S 9 90 ¢ ?
>
c
o
o
(@]
Z
80 1 1 80 1 1
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15

x in CrxFeNiCu

x in CrxFeNiCu

Figure 2. Conversion of NO in a stoichiometric NO—CO—C;H4—0,—H,0 reaction over Cr,FeNiCu catalysts (0 < x < 0.15). Instantaneous NO
conversion at (a) 500 °C and (b) 600 °C in the first light-off run. Steady-state NO conversion when the reaction temperature was kept at 600 °C

for 1 hin (c) the first and (d) the second light-off runs.
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Figure 3. XRD patterns of Cr,FeNiCu catalysts after H, reduction at 900 °C. Enlarged parts around the main peaks are shown on the right.

The instantaneous NO conversion at 500 and 600 °C during
the first light-off tended to increase with the addition of Cr, as
shown in Figure 2a,b, showing the highest value at about x =
0.05—0.125 (see Figures S2 and S3 for each data). A similar
trend was observed in the NO conversion after the reaction
temperature was kept at 600 °C for 1 h (first run: Figure 2c
and second run: Figure 2d). However, further Cr addition of
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more than x = 0.125 resulted in a negative effect on the
catalytic activity. Despite the Cr amount, the Sy was similar
around 32—36 m’ g~' (Table S2). Thus, the activity
improvement cannot be explained by a simple surface area
effect. The product selectivity to N, at these temperatures was
more than 95%. We decided on the optimum composition at x
= 0.10, which was primarily applied in the following
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Figure 4. HAADF-STEM and X-ray mapping images of the Cr,,oFeNiCu catalyst after H, reduction at 900 °C for 3 h.

characterization investigations. Since the optimal addition of
Cr was found to considerably improve the catalytic activity, our
interest is to elucidate the possible mechanism of how Cr
modifies the structure and catalytic function. The
Cry1oFeNiCu catalyst was superior for the CO/C;H, oxidation
activity but inferior for the NO reduction activity when
compared with those of Rh and Pt catalysts (Figure S4).

2.2, Structure of Cr,FeNiCu After H, Reduction and
Subsequent Catalytic Reaction. Figure 3 illustrates the
XRD patterns of Cr,FeNiCu and reference catalysts after H,
reduction at 900 °C. The Cu-only catalyst shows two sharp
peaks of the 111 and 200 reflections of the face-centered cubic
(fcc) Cu metal (Fm3m, a = 3.614 A). However, the Cr-only
catalyst shows no metallic phase but weak reflections due to y-
Al,O;. The binary NiCu catalyst showed peaks of the fcc metal,
but their positions were shifted to higher 26, indicating the
formation of NiCu alloys with a smaller lattice constant (a =
3.564 A).*" In the ternary FeNiCu, a single fcc alloy phase was
also formed, with the peak positioned between the Cu and
NiCu cases. This is consistent with the reported lattice
constant of Fey,;Nig5oCugs (a = 3.579 A), which is larger
than that of NiCu and smaller than that of Cu.*' Judging from
the XRD and STEM experiments in our previous studies,’”*®
NiCu and FeNiCu are considered as random alloys, whereas
their surface structures are unclear because of partial oxidation
to different extents. Notably, almost the same diffraction peak
positions were preserved in the quaternary systems
(Cr,FeNiCuy, 0 < x < 0.15), regardless of the amount of Cr.
A slight deviation of the 111 peak position and decreased
intensity was observed, but this was probably due to the
inhomogeneous composition of the FeNiCu alloy nano-
particles. Another point to be noted is the appearance of
broad and weak peaks of 6-Al,0;, which were not observed for
unary, binary, and ternary Cu catalysts. Additionally, XANES
analysis of H,-treated Cr, FeNiCu samples showed that Fe, Ni,
and Cu were in a metallic state, whereas Cr was almost
oxidized (Cr**) (Figure S5). Similarly, the XPS analysis of the
catalyst surface suggested the presence of metallic species (Fe®,
Ni’, and Cu’), but Cr was only in the state of Cr** (Figure S6).

HAADF-STEM and X-ray element mapping were used to
examine the nanoscale distribution of each metal element in
the H,-reduced quaternary catalysts (Cr,;,FeNiCu). As shown
in Figure 4, Fe, Ni, and Cu showed a roughly similar
distribution and thus coincided with the formation of the
ternary FeNiCu alloy particles of about 10—20 nm in size.
However, the stronger Cu element signal near the outer
periphery of each particle suggested that Cu may be enriched
near the surface of alloy nanoparticles. Unlike these elements,
Cr, Al, and O distributions spread over several hundred
nanometers and well-overlapped each other. These findings
indicate the formation of the ternary FeNiCu alloy nano-
particles deposited on the binary oxide support of Cr,O;—
AL O;. This was consistent with the results of XRD (Figure 3),
XANES (Figure SS), and XPS (Figure S6). Thus, the Cr
species in the quaternary compounds exist as an oxide phase
but not as a metallic phase. There is a series of solid solutions
in the phase diagram of Cr,O; and AL, According to
Ozawa et al," Cr** can be dissolved in #-Al,O; to form a
pseudo solid solution at 800—1000 °C. This could explain why
the 6-Al,O; phase was dominant in Cr,FeNiCu, whereas Cu,
NiCu, and FeNiCu contained y-AlL,O;.

The oxidation state and the nanostructure of quaternary
Cr,FeNiCu catalysts changed substantially under stoichiomet-
ric NO—CO—-C;H4—0,—H,0 reaction conditions. Figure 5
compares the obvious conversion of NO, CO, and C;Hg over
FeNiCu and Crj(FeNiCu catalysts during temperature
ramping to 600 °C (10 °C min™"), followed by holding at
this temperature for 1 h. The Cr addition improved the light-
off performance and enhanced the stability at 600 °C.
Furthermore, Figure 5 shows the plots of the fraction of
metallic states of each element (Cu’, Ni’ and Fe®), which was
determined using XANES (see Figure S7 for each data). Fe,
Nj, and Cu in the H,-reduced catalysts were present in their
respective metallic states (Cu’/Cu = Ni’/Ni = Fe’/Fe =
100%), as described above, whereas the metallic fraction
dropped steeply at the beginning of catalytic reactions at <300
°C due to the oxidation by unreacted O,. In the case of
FeNiCu, Cu’/Cu demonstrated the greatest drop to <40% but
immediately recovered the initial value with the progress of
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0,—H,0 reaction in a light-off mode (10 °C min™"), followed by an
isothermal mode (600 °C for 1 h).

temperature increase higher than 300 °C, where the O, partial
pressure decreased by the oxidation of CO/C;H¢. Further-
more, Ni’/Ni fraction decreased monotonically but kept at
around 50% during the isothermal reaction at 600 °C for 1 h.
However, Fe’/Fe decreased with an increasing rate to less than
10%, indicating the lowest stability against oxidation. A similar
change was observed for Cr,;,FeNiCu, but the Fe oxidation
during the light-off was retarded slightly in the presence of Cr.

Figure 6 shows the X-ray mapping images of Cr,;,FeNiCu
after treatment at 600 °C for 1 h under a flow of a
stoichiometric NO—-CO—-C;H,—0,—-H,0 gas mixture. In
contrast to the H,-reduced sample (Figure 4), where the
distribution of Fe, Ni, and Cu was nearly identical, these three
elements showed different distributions after exposure to the
catalytic reaction atmosphere. Although Cu was still confined
to an area of 10—20 nm in size as in the fresh catalyst (Figure
4), the distributions of Fe and Ni spread over the Cr,0;—

AL O; support because of oxidation. The nearly identical
distribution between Fe and Ni indicates the formation of
mixed oxides, such as NiFe,O,. Considering the 1:2 ratio of
NiFe,0,, the remaining Ni may be in the form of CuNi alloy,
as shown in Figure S. Previously, we reported a similar
structural change that occurred in the ternary FeNiCu catalyst
when exposed to the reaction gas mixture.”® Based on these
characterization results, the local structural change under the
catalytic reaction condition is schematically inferred, as
illustrated in Scheme 1. In the fresh catalyst after H, reduction

Scheme 1. Structural Change of the CrFeNiCu Catalyst
Under a Stoichiometric NO—CO—C;H—0,—H,0 Reaction

- A

Cr203-Al203 Cr203-Al203

NO-CO-CsHs-02-H20

=

600 °C, 1h

at 900 °C, the FeNiCu alloy particles were deposited on the
Cr,03;—Al,0; support. Under the TWC conditions at 600 °C,
the alloy nanoparticle was oxidized to some extent and
transformed into a structure consisting of NiCu alloy
nanoparticles and NiFe,O, oxides, which were dispersed on
the Cr,0;—Al,O; support.

2.3. Effect of Cr on the TWC Activity of Cr,FeNiCu.
Since the FeNiCu alloy nanoparticles in the H,-reduced
FeNiCu and Crj,0FeNiCu transformed into NiCu alloy
nanoparticles and NiFe,O, moieties under the reaction
atmosphere (Scheme 1), the effect of Cr on the catalytic
activity was investigated in further detail using 12 model
reactions (CO—NO, CO—0,, C;H¢—0,, and so on, see Table
S1 for detail). For this purpose, the catalysts were pretreated at
600 °C for 1 h under a flow of a stoichiometric NO—CO—
C3;H4—0,—H,0 gas mixture. Figure 7 illustrates the radar
chart that plots the value of T, which is the temperature at
which the conversion of the underlined gas species (NO, CO,
or CyH,) reached S0% (see Figure S8 for each reaction data).
Therefore, a lower T, indicates a higher catalytic activity. The

Figure 6. HAADF-STEM and X-ray mapping images of the Cr, oFeNiCu catalyst after the treatment in a stoichiometric NO—CO-C;H¢—0,—

H,O reaction at 600 °C for 1 h.
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C0O-H0 surface. Thus, we face a trade-off between the NO dissociation
NO-CO-CaHs-02-H20 600 €0-0 rate and the N,/O, removal rate. Figure 8 illustrates the NO
100 — FeNiCu
NO-CO-CsHg-Oz2 CsHe-H20 °
S g0 f
N
pz4
9 )
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NO-CsHs-02-H20 NO-CO
0 1 1 1
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NO-C3Hs-02 NO-CO-H20
NO-C0-02 Figure 8. NO conversion to N, over FeNiCu, NiCu, and Cu catalysts
during temperature ramping (10 °C min™") in a stream of 0.05% NO/
— Cro.1oFeNiCu He. The catalysts were reduced by H, at 900 °C for 3 h.
—— FeNiCu

Figure 7. Catalytic activities of Cry;,FeNiCu and FeNiCu catalysts
for various TWC-related reactions. The T, values for the underlined
gases are plotted. The catalysts were pretreated during a
stoichiometric NO—CO—-C;H4—0,—H,O reaction at 600 °C for 1 h.

activity distributions of these catalysts were similar; however,
Cry 0FeNiCu was more active than FeNiCu in almost all cases
except a C3Hs—H,O reaction. Notably, significant superiority
of Cry;oFeNiCu was observed for C;Hs—O, and NO—C;H—
0, reactions. As we previously reported,” the copresence of
NiCu alloys and NiFe,O, enhances the oxidative adsorption of
C;Hg to form a carboxylate, which plays a crucial role as a
reducing agent for NO reduction to N, over the NiCu
nanoparticles. Following the same approach, we examined the
formation and reaction of surface adsorption species on the
present Cry;oFeNiCu catalyst applying in situ FTIR combined
with an isotopic pulse reaction approach (Figures S9 and S10).
Since the formation of carboxylate was further enhanced on
CryoFeNiCu compared to FeNiCu, the role of Cr is
considered to promote the oxidative adsorption of C;Hy,
which provides a more reductive surface environment, thereby
increasing the stability of the active metallic state. Considering
lower light-off temperatures for CO (>150 °C) and C;Hg
(=200 °C) for Cry o FeNiCu in Figure S, the resulting lower
O, concentration should be suitable for not only mitigating the
oxidation of the metallic surface but also regenerating the
metallic surface. Part of the added Cr may be incorporated into
the NiFe,O, moiety to form a multinary oxide phase.
According to our previous study,'>** the incorporation of Cr
into spinel oxides such as in CugsNiggsALCr, O, effectively
improves the activity for C;H4—O, reactions.

When the metallic state of Cu-based alloys can be
reconstructed in the presence of Cr, a positive effect on the
NO reduction efficiency is expected. The 3d transition metals
facilitate dissociative and/or nondissociative adsorption of NO
molecules,*>?! depending on the d-valence orbital en-

222333344648 ohich increases in the order of Fe > Co
> Ni > Cu. According to this order, the N—O bond cleavage
and the resulting formation of M—N; and M—O, bonds are
expected to be more favorable on Fe and Ni rather than Cu.
However, the stronger the M—N; and M—O; bonds, the more
difficult the removal of N; and O, adatoms from the metal

conversion to N, during the temperature ramping of the
catalysts in a stream of 0.05% NO/He. Cu alone produced the
least conversion of NO to N, since the nondissociative NO
adsorption is favored, as described above. However, NiCu and
FeNiCu produced considerably higher amounts of N, than Cu
alone because Fe and Ni are more active in the dissociative
NO adsorption. As the reaction product contained negligible
amounts of O, and N,0O, the observed N, evolution can be
considered as the following solid—gas reaction

1

NO, + M = N, + M - O, W
where M is Fe, Ni, and/or Cu. The total amount of NO
converted to N, was close to those estimated from reaction 1,
suggesting that not only the surface but also bulk metal species
were oxidized by NO. With the progress of the solid—gas
reaction, the rate of the reaction will be determined by the
thickness of the oxidized surface layer (M—Q,), as can be seen
in the case of NiCu in Figure 8. Finally, NO conversion will
suspend when the metallic species are consumed completely by
reaction 1. Nevertheless, reaction 1 can be cycled when the
M-O; is reduced to the M under a NO—CO—-C;H4—0O,—
H,O gas mixture. Thus, the higher oxidation activity for CO/
C;Hg of Cry oFeNiCu achieves a lower O, concentration
favorable for the regeneration from M—O, to M and thus
realizes more efficient catalytic cycles of NO reduction.

3. METHODS AND MATERIALS

3.1. Catalyst Preparation. CrFeNiCu quaternary catalysts
supported on Al,O; were prepared using a polymerized
complex process and a post-H,-reduction treatment, which
was used in our previous study to prepare the FeNiCu ternary
system.’”*® The molar ratio of Cr/Fe/Ni/Cu/Al =
%:0.1:0.1:0.1:1.0 (0 < x < 0.15) was expressed using a general
formula, Cr,FeNiCu. Calculated amounts (total amounts = 26
+ 20x mmol) of Cr(NOs);, Fe(NO;);, Ni(NO;),, Cu(NO;),,
and AI(NO;); (Wako Pure Chemical Industries, Japan) and
citric acid (300 mmol) (Wako Pure Chemical Industries,
Japan) were added in distilled and deionized water (180 mL)
and stirred vigorously at 80 °C for 2 h. Under vigorous stirring,
ethylene glycol (300 mmol) (Wako Pure Chemical Industries,
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Japan) was added to the as-obtained clear solution. When
stirred at 80 °C for 8 h, the solution was gradually changed
into a viscous gel, which was heated at 130 °C for 2 h. Then,
the solid product was calcined for 1 h at 600 °C and 900 °C for
2 h. To produce Al,O;-supported metal catalysts, the oxide
precursor thus obtained was ground into powder using an
agate mortar and was finally heated for 3 h at 900 °C under
flowing H,. The other quaternary metal catalysts were
prepared in the same manner by selecting from six 3d
transition metals, i.e., Cr, Mn, Fe, Co, Ni, and Cu.

3.2. Characterization. To determine the Brunauer—
Emmett—Teller surface area (Sppr), N, adsorption isotherms
were measured at —196 °C using a Belsorp Mini instrument
(Microtrac-Bel, Japan). XRD was applied to determine the
crystal structure using a Rigaku Multiflex diffractometer
(Japan) with monochromatic Cu Ka radiation (30 kV, 30
mA). An X-ray fluorescence spectrometer (EDXL300, Rigakuy,
Japan) was used to determine the metal composition and was
nearly equal to the expected values. An FEI Tecnai F20
(Thermo Scientific) instrument operating at 200 kV was used
to perform HAADF-STEM and energy-dispersive X-ray
analyses. A K-Alpha spectrometer (Thermo Scientific) under
12 kV Al Ka radiation was applied to obtain surface analysis
via X-ray photoelectron spectroscopy (XPS). The samples
were reduced by H, at 900 °C and/or treated under catalytic
reaction conditions, as described below, before being trans-
ferred to an XPS chamber under vacuum with no air exposure.
The C 1s peak (285.0 eV) was applied as an internal reference
to correct the observed binding energies for surface charging.

XAFS measurement on K-edges of Cr, Fe, Ni, and Cu was
performed at the BL14B2 station at SPring-8 in Japan
Synchrotron Radiation Research Institute in transmission
mode using a Si(111) double-crystal monochromator. In a
N,-filled ionization chamber (17 cm in length) and a 50% N,/
Ar-filled ionization chamber (31 cm in length), the intensities
of the incident and transmitted X-rays were monitored,
respectively. To ensure appropriate absorbance at the edge
energy during the XAFS analysis, the powder sample was
pressed onto a disk (diameter = 7 mm). Before the
measurement, the sample was pretreated by a water-cooled
infrared image furnace (Ulvac RHL-E2S, Japan) under a
stream of stoichiometric NO—CO-C;H—0,—H,0 gas
mixture and was flushed with He, followed by quick cooling
to ambient temperature. The as-treated sample was sealed in a
polyethylene bag under dry Ar and transferred without
exposure to air. X-ray absorption near-edge structures
(XANES) were applied to determine the oxidation states of
Cr, Fe, Ni, and Cu using a linear combination fitting approach.
A cubic spline approach throughout the postedge regions was
applied to extract the oscillatory part in k-space. Athena
software was used to perform data processing,”’ and reference
samples were obtained from the metal foils and metal oxides.

3.3. Catalytic Reactions. In a flow microreactor under
atmospheric pressure, the catalytic test for simulated TWC
reactions was conducted. A mixture of 0.05% NO, 0.50% CO,
0.04% Cs;Hg, 0.40% O,, and 5.0% H,O, balanced by He,
supplied the granular catalyst (W = SO mg, 20 mesh), which
was packed in a quartz tube (inside diameter = 4 mm) at a flow
rate of F = 100 cm® min™' (W/F = § X 10™* g min cm™>). This
mixture corresponded to a stoichiometric air-to-fuel weight
ratio, indicating that all gases could be completely converted
into a mixture of CO,, H,0, and/or N, with no residual trace
of O,. An infrared image furnace heated the catalytic bed from
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100 to 600 °C at a constant rate of 10 °C min'. A
nondispersive infrared gas analyzer (VA-3000, Horiba, Japan)
and a magneto-pneumatic O, analyzer (Horiba MPA3000,
Japan) were used to determine NO, N,O, CO, and C;Hg
concentrations. Furthermore, the catalytic activity test was
conducted similarly for various model reactions, including
CO-0,, CH4—0, NO-CO, NO-C;H—O,, and NO-
CO-0, (see Table S1).

In situ FTIR spectra of the adsorbed gas species were
acquired on a Thermo Scientific Nicolet iSSO spectrometer
using a temperature-controllable diffuse reflectance reaction
cell as described in our previous paper.”® For this purpose,
model catalysts with a lower metal loading of (Fe + Ni + Cu)/
Al = 0.03:1.0 were pretreated in the stoichiometric NO—CO—
C;H4—0,—H,0 mixture at 600 °C for 1 h. The sample was
heated in situ under the flow of He at 500 °C for 30 min (50
cm® min™!), followed by cooling to 400 °C, where the gas feed
was changed to a mixture of 0.10% C;Hg, 0.46% O,, and He
balance for 10 min. After He flushing, 0.78% NO/He was
supplied for 10 min. Meanwhile, spectral measurements were
recorded at 1 min intervals.

4. CONCLUSIONS

Quaternary 3d transition metal catalysts supported on Al,O;
were prepared using a polymerized complex approach and a
high-temperature H, reduction treatment (900 °C). Among
equimolar quaternary catalysts, the combination of CrFeNiCu
was discovered to achieve the maximum NO reduction
efficiency in a stoichiometric NO-CO-C;H4—0,—H,0
reaction that simulates automotive TWC. At a molar ratio of
Cr/Fe/Ni/Cu/Al 0.05—0.125:0.1:0.1:0.1:1.0, the metal
composition was optimized, where the activity for CO/C;H
oxidation was superior to that of the reference Rh and Pt
catalysts but was less active for NO reduction. Fe, Ni, and Cu
formed alloy nanoparticles in the H)-reduced catalysts, whereas
Cr was present as Cr,0;—AlL,O; support. The FeNiCu alloy
was promptly oxidized under a TWC atmosphere, and the
catalyst comprised NiCu alloy nanoparticles deposited on the
Fe—Ni oxide formed on Cr,0;—Al,O;. The oxidation of CO/
C;Hg can be significantly enhanced in the presence of Cr
oxide, resulting in a faster decrease in O, concentration that is
favorable for reconstructing NiCu metallic alloys, which is
active in NO reduction to N,.
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