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Abstract

NiCuFe layered double oxide (LDO) catalysts were synthesized using co-precipi-
tation, impregnation, and urea hydrothermal methods. The NH;-SCR activity of
NiCuFe-LDO catalysts was investigated to determine the effect of different syn-
thesis methods. All NiCuFe-LDO samples exhibited good catalytic performance at
low temperatures, with the sample synthesized using the urea hydrothermal method
(NiCuFe-LDO-3) being the most efficient catalyst. The NiCuFe-LDO-3 catalyst
achieved over 80% NO conversion in the temperature range of 180 °C to 280 °C,
with a peak of 95.13% at 240 °C. The physicochemical properties of the samples
were systematically characterized using XRD, SEM, BET, NH;-TPD, H,-TPR, XPS,
and in-situ DRIFTS. The results showed that the NiCuFe-LDO-3 sample had the
best crystallinity, as demonstrated by XRD and SEM. BET analysis revealed that the
NiCuFe-LDO-3 sample had the largest specific surface area. The NiCuFe-LDO-3
sample was found to have more acidic sites and a better redox capacity than the other
samples, according to the H,-TPR and NH;-TPD results. In-situ DRIFTS analysis
showed that the catalyst operates through both E-R and L-H reaction mechanisms.

Keywords NH;-SCR - NiCuFeO, - LDO - Heterogeneous catalysis - Urea
Hydrothermal

Introduction

Air quality is a pressing public concern, and nitrogen oxides (NO,) are a major

contributor to poor air quality [1]. Many associated environmental problems such
as photochemical smog, haze, and acid rain have been caused by NO,. Selective
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catalytic reduction with NH; (NH;-SCR) is widely recognized as the most effective
technology for NO, removal [2, 3]. In recent times, V,05-WO5/TiO, catalysts have
shown remarkable NH;-SCR reactivity, good SO, tolerance, and high catalytic per-
formance between 300 and 400 °C [4]. However, some limitations include a narrow
operating temperature range, inadequate selectivity towards N,, and the bio-toxicity
of vanadium limiting its application in NH;-SCR [5]. Consequently, there is a need
for a kind of no-toxicity catalyst with improvement in NH;-SCR performance, par-
ticularly at low temperatures.

Iron-based zeolite catalysts have attracted substantial attention as possible
NH;-SCR catalyst candidates for diesel applications, owing to their effectiveness in
reducing NO [6]. While iron-based zeolite catalysts demonstrate remarkable high-
temperature activity, their low-temperature activity presents a constraining factor,
as the adsorption of ammonia on the iron sites at low temperatures could impede
the admission of NO, molecules [7, 8]. In contrast to Fe-based catalysts, Cu-based
catalysts have superior low-temperature activity, but do not benefit from higher tem-
peratures due to the formation of unwanted products from the oxidation of NH; by
O, [9]. Therefore, catalysts composed of Cu-Fe may present greater NO conversions
across a wider temperature spectrum than individual catalysts due to their distinct
characteristics. On the other hand, some other transition metal elements such as
Ni have significant potential in NH;-SCR reactions [10-12]. It is worth noting that
these metals exhibit exceptional oxygen storage capacity and unique redox proper-
ties. For that, the activity of catalysts can be significantly improved by doping transi-
tion metals.

To combine the advantages of Cu, Fe, and other transition metal elements, a kind
of composite metal oxide catalyst is needed. Layered double hydroxides (LDH) are
plate-like ionic compounds that consist of positively charged hydro magnesite-like
layers, anions, and solvated molecules in the interlayer region [13]. Highly dis-
persed layered double oxides (LDOs) can be produced by calcining LDHs, which
have been widely researched for the application in NH;-SCR. Wang et al. examined
diverse LDO types and found that layered double oxides have superior performance
to catalysts synthesized through traditional methods [14]. In addition, studies have
reported that cation exchange can occur between metal ions and LDH [15]. Further
studies have shown that cation exchange is more favorable under alkaline conditions
[16]. The stratified arrangement of layered double oxides provides a broad specific
surface area, creating extra binding sites for active components. This particular
structure permits the highly dispersed organization of numerous active metal com-
ponents, modifying the surface electronic features, and resulting in the creation of
novel active catalytic sites.

In this work, NiCuFe-LDO catalysts were successfully synthesized by co-pre-
cipitation, impregnation, and urea hydrothermal methods for NO, removal. The
effects of the three synthesizing methods of Ni addition on the CuFe-LDO hydro-
talcites were investigated by XRD, BET, SEM, H,-TPR, NH;-TPD, XPS, and in-
situ DRIFTS characterization. Furthermore, the reaction pathways of NH; and NO,
adsorption on the surface of the NiCuFe-LDO catalyst and the interaction mecha-
nism between the two reactions were investigated.

@ Springer



Reaction Kinetics, Mechanisms and Catalysis (2024) 137:1435-1454 1437

Experimental
Catalyst preparation
Co-precipitation method

An accurate quantity of Ni(NO;),-6H,0, Cu(NO;),-3H,0, and Fe(NO;);-9H,0
was weighed and dissolved in 80 mL of deionized water. The molar ratio of
n(Ni?*): n(Cu*): n(Fe**) was 1:2:1. The solution was ultrasonicated for 50 min
and subsequently stirred for 30 min. The pH was adjusted to 9.5 using a solution
for pH adjustment. The pH solution was prepared by dissolving 0.6 g of NaOH in
30 mL of distilled water at a concentration of 0.5 mol/L, and 0.159 g of Na,CO;
in 30 mL of water at a concentration of 0.5 mol/L. The reaction solution was
transferred to a reactor and heated at 110 °C for 12 h. After cooling, the cata-
lyst was washed with deionized water and dried at 80 °C for 12 h to obtain the
NiCuFe-LDH precursor. Followed by roasting the precursor in air atmosphere
at 400 °C for 2 h to acquire the NiCuFe-LDO catalyst, which was labelled as
NiCuFe-LDO-1.

Impregnation method

A suitable amount of Cu(NO;),-:3H,0 and Fe(NO;);-9H,0 were measured and dis-
solved in 80 mL of deionized water with a molar ratio of n(Cu®*): n(Fe**)=2:1. The
mixture was subjected to ultrasonication for 50 min, followed by stirring for 30 min.
The pH was adjusted to 6.8 using the pH-adjusting solution mentioned above. The
mixture was transferred to a reaction vessel and heated at 110 °C for 12 h. After
cooling to room temperature, the product was washed with deionized water, dried,
and calcined at 400 °C for 2 h to produce CuFe-LDO. The CuFe-LDO powder was
added to 100 ml of deionized water and Ni(NO;),-6H,O was introduced. After
undergoing ultrasonication for 50 min, the mixture was stirred at 60 °C for 1 h
to ensure the solid was fully dissolved. Following rotary evaporation and drying,
the sample was calcined at 400 °C for 2 h. The resulting catalyst was labelled as
NiCuFe-LDO-2.

Hydrothermal urea synthesis

An amount of Ni(NO;),-6H,0, Cu(NO;),-3H,0, Fe(NO;);-9H,0 was dissolved in
80 mL of deionized water so that n(Ni**): n(Cu®*): n(Fe**)=1:2:1. Ammonium
fluoride was then added to the mixture, followed by the addition of an appropri-
ate amount of urea. The solution underwent 30 min of stirring before being trans-
ferred to a reactor and subjected to heating at 110 °C for 12 h. Following cooling
to room temperature, the mixture was filtered and washed before being dried in an
oven set to 80 °C for 12 h. The dried product was then ground to form a fine powder,
resulting in the formation of NiCuFe-LDH. The precursor powder was subsequently
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roasted at 400 °C for 2 h, resulting in the formation of the NiCuFe-LDO catalyst,
labelled NiCuFe-LDO-3.

Catalyst characterization

X-ray diffraction analysis (XRD) was used to characterising the crystal structure of
the samples with a Bruker D8 model X-ray diffractometer. The nitrogen physical
adsorption—desorption test was used to characterize the specific surface area and
pore structure of the catalysts, which were determined using a Jing micro Gobo JW-
BK132F analyzer. The samples were degassed under vacuum at 250 °C for 2.5 h
prior to the measurement, and the BET specific surface area and micropore volume
of the samples were calculated using the BET method and t-line graph method.
Scanning electron microscopy (SEM) was used to investigate the morphological
characteristics of the samples by SU8010 Hitachi. X-ray photoelectron spectroscopy
(XPS) was carried out using a Thermo Scientific 250Xi multifunctional photoelec-
tron spectrometer to determine the elemental distribution and state on the surface of
the catalyst.

Hydrogen Programmed Temperature Rise Reduction (H,-TPR) characterization
tests were carried out using a Peotek PCA-1200 Programmed Temperature Rise
Chemisorption Instrument to analyze the redox properties of the catalysts. The sam-
ple to be tested was accurately weighed (100 mg) and pretreated under a 5% O,/N,
atmosphere at 400 °C for 1 h. Subsequently, H, reduction was carried out under a
5% H,/N, atmosphere and a gas flow rate of 30 mL/min. Ammonia programmed
temperature rising adsorption and desorption (NH;-TPD) characterization tests were
carried out using a Peard programmed temperature rising chemisorption instrument
to characterize the surface acidity of the catalyst. 100 mg of the sample to be tested
was accurately weighed and pretreated with helium for 1 h at 400 °C. After pre-
treatment, NH; adsorption was carried out at 100 °C. The adsorption gas: 1% NH,/
He. After adsorption, the sample was purged with helium for 30 min and finally NH,
desorption was carried out.

In situ infrared spectroscopy (in situ DRIFTS) experiments were conducted on a
Bruker TENSOR 1I spectrometer to analyze NH; or (NO +O,) adsorption on vari-
ous catalysts. Prior to the in-situ DRIFTS characterization, the catalysts underwent
pretreatment in an N, flow of 100 mL min~' at 400 °C for 30 min, and the spectra
were recorded by subtracting the background spectra acquired from treated catalysts
with an N, flow. NH; absorption spectra of the catalysts exposed to a gas mixture of
1100 ppm NH; and N, (balance) flowing at 100 mL min~! were recorded. (NO + 0,)
adsorption spectra of the catalysts exposed to a gas mixture of 1000 ppm NO+4V%
0,+N, (balance) flowing at 100 mL min~' were measured.

NH,-SCR activity evaluation
Catalyst samples were evaluated in a quartz-based fixed bed microreactor tube. A

mixture of 300 mg catalyst and 300 mg quartz sand was prepared for the NH;-SCR
reaction in the microreactor. The simulated exhaust gas was comprised of 1100 ppm
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NH;, 1000 ppm NO, 4 V% O,, 5.0 V% H,0, and N, (balance). The gas volume
was 500 mL/min, with an airspeed of 100,000 mL/ (g h). The concentration of NO
was measured using a MODEL 1080 analyzer. The NO conversion and N, selectivity
were calculated from the concentration of NO before and after the catalyst bed at a
steady state as follows:

[NOI;, — [NO]

NO conversion% = INO] oM« 100%

[NOJ;, + [NH;],, — [NO,]_, —2[N,0]

M % 100%
[NOJ;, + [NH;] .

N,selectivity(%) =

Results and discussion
XRD analysis

The XRD patterns in Fig. 1a show that all three precursors for the NiCuFe-LDH
samples have similar profiles, and the characteristic reflections of hydrotalcite are
clearly detectable. The (003), (006), and (012) crystal planes of the LDHs are evi-
dent at 20=12.2°, 23.0°, and 34.5°. Additionally, the diffraction peaks near 26 =39°,
47°, 60°, and 62° belong to the (015), (018), (110), and (113) planes [17], which are
characteristic peaks of the hydrotalcite-like compounds. This indicates high purity
and good crystallinity of the hydrotalcite.

The crystal structure of NiCuFe-LDO samples was investigated by XRD analy-
sis, as shown in Fig. 1b. The CuFe-LDO sample exhibited CuO diffraction peaks at
32.5°, 35.5°, 38.7°, and 48.7°, while Fe,O; diffraction peaks were observed at 62.8°
and 75.5°. The NiCuFe-LDO catalysts, synthesized by the three methods, displayed
the typical diffraction peaks of hydrotalcite, with the peak intensities appearing to
decrease. This signifies that the three synthesis methods did not destroy the original
crystalline structure, but the active species on the surface of the sample interacted
with the carrier and reduced the carrier order.

NiCuFe-LDO samples exhibited diffraction peaks of NiO at 37.1°, 43.1°, 63.6°,
and 79.1°, as well as diffraction peaks attributed to NiFe,O, at around 30.2°. This
observation suggests successful Ni penetration into the CuFe-LDO interlayer struc-
ture. The characteristic diffraction peaks of the NiCuFe-LDO-3 sample was signifi-
cantly stronger than the other samples, indicating better crystallinity.

SEM analysis

The morphology of the three hydrotalcite samples can be directly shown in Fig. S1
by observation through SEM. The NiCuFe-LDOs produced by the three different
synthesis methods all exhibit a “petal-like” hydrotalcite-like morphology [18]. This
is attributed to the clustering of hydrotalcite layers, while laminates continue to
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Fig. 1 XRD patterns of LDO samples. a XRD spectrogram of the NiCuFe-LDO catalysts without calci-
nation; b XRD analysis of the NiCuFe-LDO at 400 °C calcination temperatures
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grow on the crystalline surface, which is typical of the hydrotalcite structure. The
SEM results are consistent with the XRD results, which means that the NiCuFe-
LDO catalyst was synthesized successfully.

Further comparing Fig. S1a-S1b with Fig. Slc, it is evident that the hydrotal-
cite in Fig. S1a-S1b displays smaller grain sizes and does not undergo significant
crystalline surface growth. The poor crystallinity leads to a larger longitudinal scale
between the lamellae and the formation of spherical features on the sample surface.
The variances in the resulting products could be ascribed to the use of carbonate
and nitrate ions become the inhibitors, which hindered the crystalline growth and
affected the morphology [19]. Furthermore, the rivalry among OH™, CO32_, and
NO;™ could also impact the morphology and crystallinity of hydrotalcite [20].
The morphology in Fig. S1c demonstrates that the sample that underwent the urea
hydrothermal method exhibits a delicate petal-shaped structure. The structure is
assembled from irregularly intersecting nanosheets with thinned and slightly curled
layers, which effectively mitigates the stacking of laminates, thus resulting in better
dispersion of theactivity sites.

The EDS distributions of the catalysts are also shown in Fig. S1, and the atomic
distribution of the samples are shown in Fig. S2. As is evident from that the Ni, Cu,
and Fe elements are uniformly distributed in the NiCuFe-LDO catalysts produced
by the three synthesis methods, indicating that the Ni element is successfully doped
into the catalyst lattice. Table 1 shows the atomic percentages of the samples. It can
be observed that the ratio of Ni, Cu, and Fe elements in the three samples roughly
follows the 1:2:1 ratio.

BET analysis

Alterations in the physical structure and properties of the catalysts have an impact
on the NH;-SCR activity. The CuFe-LDO and NiCuFe-LDO catalysts underwent N,
adsorption—desorption characterization to analyze the impact of three diverse syn-
thesis methods on catalyst parameters, including the specific surface area and vol-
ume of micropores. Fig. S3 illustrates the nitrogen adsorption—desorption isotherms
for the catalysts. The isotherms of all samples exhibited standard type I adsorp-
tion—desorption isotherms. The test points were sharply inclined at low relative pres-
sures (P/P;<0.02) and then flattened out, indicating that the catalysts are porous
materials with mesopores, highly concentrated microporous distributions, and regu-
lar pore structures. In addition, it was found that the hysteresis loops of all cata-
lysts were consistent with H,-type hysteresis loops, which were observed at higher

Table 1 Atomic percentage of NiCuFe-LDO-1  NiCuFe-LDO-2  NiCuFe-LDO-3
NiCuFe-LDO samples

Ni 24.99 27.94 27.49

Cu 48.32 4531 4670

Fe 26.69 26.75 25.81

Total  100.00 100.00 100.00
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relative pressure ranges. This suggests that the interlayer structure is well-preserved
and exhibits a typical cleavage shape. The N, adsorption—desorption isotherms of
the NiCuFe-LDO catalyst samples, which were synthesized by three different meth-
ods, were comparable to those of the CuFe-LDO sample. This indicates that the syn-
thesis methods did not significantly impact the pore structure of the original sample,
which still maintained the slit-like microporous structure.

Table 2 shows the structural properties of NiCuFe-LDO catalysts produced via
various synthesis methods. NiCuFe-LDO-1 and NiCuFe-LDO-3 exhibited a signifi-
cant advantage over the original sample in terms of specific surface area, micropo-
rous volume, and pore size. Conversely, the specific surface area of NiCuFe-LDO-2
decreased as compared to the initial sample, which amounted to 74 m?/g. The incor-
poration of nickel in the synthesis of CuFe-LDO by impregnation disrupts the pore
structure of the catalyst. The analysis indicates a strong correlation between the cat-
alytic activity and the specific surface area and microporous volume. Optimization
of the reactant conversion can be achieved when both factors are maximized.

XPS analysis

X-ray photoelectron spectroscopy is a versatile method of surface analysis that is
commonly used to assess the chemical state of catalyst surfaces. The XPS spectra
of Ni 2p, Cu 2p, Fe 2p, and O 1s were obtained by fitting their energy spectra with
peak splitting. The surface contents were then calculated from their peak areas.

According to the literature [21, 22], Fig. S4b shows that the peaks between 933.1
and 933.5 eV correspond to CuO, while the peaks between 936.1 and 936.6 eV
represent isolated Cu* ions. Among copper species on the surface of the NiCuFe-
LDO-3 catalyst, Cu’* was present in the highest distribution (37.48%). Cu>* played
a crucial role in improving the low-temperature denitrification performance of the
catalyst. This resulted in the catalyst having the best catalytic activity among those
prepared by the urea hydrothermal method, as verified in subsequent activity tests
[23].

The Ni 2p3/2 spectra of all catalysts were analyzed in Fig. S4a and S4c, with
peak splitting to identify three distinct peaks located at 854.6, 856.0-856.2, and
860.4-861.3 eV. The identified peaks were representative of Ni** and Ni** as well
as satellite peaks [10]. The Fe 2p3/2 peak splits into two peaks at 710.9 and 713.8
eV, with assignments to the FeO and Fe,O; species [24]. Iron species were mainly
present on the catalyst surface in the form of Fe** and a small proportion of Fe>*.

Table 2 BET surface areas and

Samples Surface area Micropore Pore size (nm)
pore volumes of the samples (m¥/g) volum (cm’/g)

CuFe-LDO 110 0.185 6.720

NiCuFe-LDO-1 123 0.282 8.438

NiCuFe-LDO-2 74 0.144 7.762

NiCuFe-LDO-3 129 0.341 10.506
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Table 3 Elemental states and species proportions on the surface of the samples

Samples Ni**/ (Ni** +Ni**)  Cu™*/(Cu** +Cu0) Fe**/(Fe’* +Fe?*) Oy/(0p+0,)
NiCuFe-LDO-1 60.15 34.43 65.48 33.45
NiCuFe-LDO-2 65.95 26.40 49.14 26.84
NiCuFe-LDO-3 68.96 37.48 75.16 44.52

As indicated in Table 3, the NiCuFe-LDO-3 catalyst displayed a higher Fe** con-
tent on its surface compared to the other catalysts, with Fe>* making up 75.16% of
the surface content. Furthermore, the NiCuFe-LDO-3 catalyst exhibited the highest
concentration of Ni2* and the lowest concentration of Ni**. Conversely, the Fe?* to
Fe* ratio on the surface of the impregnated NiCuFe-LDO-2 sample was approxi-
mately 1:1, with a higher presence of Fe?* species compared to the samples syn-
thesized by the other two methods. The synthesis made by the urea hydrothermal
and co-precipitation methods was thought to promote the redox reaction of Ni and
Fe ions in NiFe,0, spinel (Ni** +Fe?* «<>Ni** +Fe**"), thus leading to the conver-
sion of more FeZ* to Fe*. Additionally, the interactions in the bimetallic oxides
were believed to enhance the formation of a redox cycle, which further improves
the denitrification activity of the catalysts [14, 25]. When Ni was impregnated on
the surface of the CuFe-LDO sample by the impregnation method, the redox reac-
tion between Ni and Fe ions did not occur or occurred at a low level, resulting in the
poor NH;-SCR activity of the sample, which was even slightly lower than that of the
original sample.

Two spectral peaks situated between 530.2-530.6 eV and 531.5-531.9 eV could
be identified by split-peak fitting for Ols. These peaks were attributed to lattice
oxygen (O,) and chemisorbed oxygen (Op). Based on previous research [26], chem-
isorbed oxygen was the most efficient oxygen species in the NH;-SCR reaction. The
oxygen species presented in the gas-phase oxygen molecules that adsorbed on the
catalyst surface were more liable to be exchanged and migrated with chemisorbed
oxygen Og. This beneficially affected the NH;-SCR reaction [27]. The findings from
Fig. S4d and Table 3 indicated that NiCuFe-LDO-3 sample exhibited a greater per-
centage of chemisorbed oxygen species Og on their surface compared to NiCuFe-
LDO-1 and NiCuFe-LDO-2 samples. The increased availability of chemisorbed
oxygen facilitates the oxidation of NO to NO,, thus facilitating the "Fast-SCR"
reaction (2NH;+NO+NO, — 2N, +3H,0) and ultimately enhancing SCR perfor-
mance. Correspondingly, this represented one of the crucial contributing factors to
the superior NH;-SCR activity of the NiCuFe-LDO-3 sample.

H,-TPR analysis

The reduction performance of the catalysts was assessed using the H,-TPR method
and the results of the characterization were shown in Fig. 2. Five reduction peaks
of all the NiCuFe-LDO catalysts appeared at approximately 250 °C, 340 °C,
440 °C, 500 °C and 600 °C. The reduction process of CuO is attributed to the strong
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Fig.2 H,-TPR profiles of the NiCuFe-LDO samples

reduction peak around 250 °C [28], and the reduction peaks relate to the reduction
of a highly dispersed copper oxide material, which can be specifically classified as
Cu**— Cu* and Cu* — Cu’ [29, 30].

The peaks observed at temperatures approximately 340 °C can be attributed to the
reduction of Ni*/(Ni**) to Ni®. Additionally, the reduction peaks at around 440 °C
can be related to the synergistic reduction of Fe** — Fe?* as well as various Ni and
Fe components [31]. The literature indicates that the peaks appearing at approxi-
mately 500 °C are due to the reduction of the NiFe,O, phase and the reduction of
relatively free NiO material [32]. Finally, the peaks at around 600 °C are attributed
to the reduction process of Fe>* —Fe [33].

Following quantitative analysis, the H, consumption for each sample during the
reduction reaction was obtained. The results were presented in Table 4, with the
highest H, consumption observed in the NiCuFe-LDO-3 sample (4.576 mmol/g),

Table 4 H,-TPR quantitative analysis

Reduction peak temperature (°C) Hydrogen
consumption(mmol/g)
Peak 1 Peak 2 Peak 3 Peak 4 Peak5
NiCuFe-LDO-1 259 336 420 499 579 3.388
NiCuFe-LDO-2 260 338 428 506 600 3.264
NiCuFe-LDO-3 258 338 438 514 582 4.576
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followed by NiCuFe-LDO-1 (3.388 mmol/g) and NiCuFe-LDO-2 (3.264 mmol/g).
Prior research asserted that a higher hydrogen consumption of the catalyst equates
to superior redox performance and more active materials [34]. Thus, it could be
inferred that NiCuFe-LDO-3 exhibits favorable synergistic effects, which enhance
the redox potential. This might account for its superior catalytic activity compared
to other samples.

NH,-TPD analysis

To examine the impact of diverse synthesis methods on the surface acidity of the
catalysts, the NH;-TPD characterization technique was employed. Figure 3 presented
the obtained outcomes. All the samples exhibited three desorption peaks, namely a
low-temperature peak at 200 °C, a medium-temperature peak at 300 °C, and a high-
temperature peak at approximately 500 °C. The literature suggests that the desorp-
tion peak at 200 °C indicates weak NH; adsorption, which occurs via NH; adsorbed
on the surface hydroxyl group of the weak Lewis acidic site [35]. The desorption
peak at 350 °C represented a strong Lewis acidic site of NH; adsorption, which was
formed through Cu ion exchange [13]. The high-temperature desorption peak at or
above 500 °C was indicative of Brgnsted acidic site, which belonged to the medium-
strong acidic site [36]. The initial desorption peaks of the samples prepared using
the three different synthesis methods were similarly located in the low-temperature

540°C
NiCuFe-LDO-1

187°C 265°C

NiCuFe-LDO-2 496°C

Intensity(a.u.)

189°C
NiCuFe-LDO-3 °C
e 521°C
177°C
100 200 300 400 500 600 700

Temperature(°C)

Fig.3 NH;-TPD profiles of NiCuFe-LDO samples
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Table5 Acidity of the samples

calculated from the NH;-TPD

profile weak acid Strong acid
(<400 °C) (>400 °C)

Samples Acidic site ratio (%) Total acid (%)

NiCuFe-LDO-1 45.02 54.98 0.73
NiCuFe-LDO-2 38.86 61.14 0.67
NiCuFe-LDO-3 71.55 28.45 1.00
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Fig.4 In-situ DRIFTS of NH; adsorption on the NiCuFe-LDO samples at 150 °C. a NiCuFe-LDO-1; b
NiCuFe-LDO-2; ¢ NiCuFe-LDO-3. (Conditions: 1000 ppm NH; adsorption)

region, with the NiCuFe-LDO-3 sample having a significantly higher content of
weak acids than the NiCuFe-LDO-1 and NiCuFe-LDO-2 samples. This indicates
that the active components of the samples from the hydrothermal synthesis of urea
are highly dispersed. This promotes complete exposure of the acidic sites, which
yields a high NH; adsorption capacity.

Table 5 presents the total NH; adsorption capacity and the percentage of each
acidic site type based on the integrated peak area. The NiCuFe-LDO-3 catalyst syn-
thesized using the urea hydrothermal method showed the highest total acidic capac-
ity, which increased its potential for NH; adsorption and activation [37]. In addition,
the higher the proportion of catalyst at Lewis acid sites, the more active the catalyst
samples are, which is consistent with the denitrification test results.

In-situ DRIFTS analysis

NH, adsorption analysis results

NH; adsorption capacity is a fundamental measure of the catalyst surface acidity
and plays a vital role in the NH;-SCR reaction. To further determine the type and
strength of acidity, in-situ DRIFTS experiments were performed on the samples.

Before NH; adsorption, the samples were pretreated at high temperatures in a
nitrogen atmosphere to eliminate some adsorbed species. The temperature was then
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reduced to 15 °C in preparation for the NH; adsorption test. The low band range
showed three peaks located at 12121237, 1528-1545, and 1608-1643 cm™!, which
gradually increased with time and then remained constant, as shown in Fig. 4. The
asymmetric vibration of NH," at the Brgnsted acidic site was associated with the
energy band at 1542 cm™! [38]. Moreover, the peaks at 1210 cm™! and 1612 cm™!
were a result of the bending vibration of the N-H bond of the NH; ligand at the
Lewis acidic site [39]. The peak around 1210 cm™! was ascribed to the NH; species
adsorbed on the Fe site, while the 1612 cm™! peak was attributed to the NHj; species
adsorbed on the Cu site [40]. The N-H stretching vibrational region at high wave
numbers (3100-3400 cm™") displayed peaks at 3156 cm™! and 3329 cm™' which was
attributed to NH; adsorbed on Cu active sites [41]. The NH,* adsorption peak was
assigned to the peak observed at 3249 cm™! [42]. Adsorption peaks were observed
between 3625 and 3636 cm™!, possibly because of a strong interaction between NH;
and surface hydroxyl groups [43].

The result demonstrates the co-existence of Lewis and Brgnsted acidic sites on the
surface of NiCuFe-LDO samples. The comparison of the intensity of the two acidic
sites indicated that the surface acidic sites in NiCuFe-LDO-1 and NiCuFe-LDO-3
samples mostly consist of Lewis acidic sites. The peak observed at 1532 cm™! in
NiCuFe-LDO-2 was higher than that seen in the other two samples. Additionally,
the peak at 1237 cm™' was significantly lower, suggesting that the surface acidic
sites of this specific sample consisted mainly of Brgnsted acidic sites. This finding
is in line with the NH;-TPD characterisation results. The NH;-SCR reaction is pro-
moted by the stronger adsorption of activated NH; on the Lewis acidic site, which is
the primary active site. This explains the high activity levels found in the NiCuFe-
LDO-1 and NiCuFe-LDO-3 samples.

NO + 0, adsorption analysis results
In-situ DRIFTS desorption experiments were conducted to examine the adsorption

and desorption behaviour of NO, species on the surface of the NiCuFe-LDO-1 cata-
lyst. Upon introducing NO 4+ O,, absorption peaks at 1651, 1563, 1534, 1437, 1380,

(b) 1532
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Kubelka-Munk(a.u.)
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Fig.5 In-situ DRIFTS of NO, adsorption on the NiCuFe-LDO samples at 150 °C. a NiCuFe-LDO-1; b
NiCuFe-LDO-2; ¢ NiCuFe-LDO-3. (Conditions: 1100 ppm NO +4% O, adsorption)
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and 1255 cm™! were observed on the catalyst surface, as depicted in Fig. 5a. Based
on the literature [44—47], the 1617 cm™' peak can be associated with gas-phase or
weakly adsorbed NO. The 1534 cm™! peak corresponds to monodentate nitrate while
the 1563 cm™' peak belongs to bidentate ligand-type nitrate, resulting from the fur-
ther oxidation of monodentate nitrate. Finally, the 1255 cm™' peak corresponds to
bridge nitrate. A weak infrared absorption peak was observed at 1437 cm™', indi-
cating that a small amount of nitrite was also formed on the surface of the catalysts
obtained through the co-precipitation method. A new adsorption peak at 1355 cm™!
appeared after approximately 30 min following the introduction of NO, which was
most likely due to ionic nitrate.

The NO + O, absorption spectra of the NiCuFe-LDO-2 catalyst were quite differ-
ent from those of the NiCuFe-LDO-1 catalyst, as shown in Fig. 5b. Only one absorp-
tion peak of gaseous NO, molecules could be observed at 1673 cm™ in the sam-
ple, and there was no trace of bidentate nitrate. On the other hand, a monodentate
nitrate absorption on the peak was detected at 1532 cm™'. The adsorption spectra of
NO + O, on the surface of the NiCuFe-LDO-3 catalyst (Fig. 5c) exhibited similarity
with the NiCuFe-LDO-1 catalyst, displaying absorption peaks at 1641, 1562, 1534,
and 1259 cm™'. In accordance with the literature [48], these peaks were identified as
gaseous NO, molecules, as bi-dentate, mono-dentate, and bridged nitrate.

When comparing the NO, adsorption species present of NiCuFe-LDO catalysts,
it was observed that bridged nitrate and monodentate nitrate were the prevalent NO,
adsorption species on the surface of NiCuFe-LDO-1 and NiCuFe-LDO-3 catalysts.
In contrast, the primary adsorption species present in NiCuFe-LDO-2 catalysts was
only monodentate nitrate. Further comparison of NiCuFe-LDO-1 and NiCuFe-
LDO-3 catalysts showed that the NiCuFe-LDO-1 sample also showed nitro com-
pounds and ionic nitrates after the passage of NO + O,, which were thermally unsta-
ble NO,-derived adsorbent species and were not favourable for NH;-SCR reactions.
The literature shows that higher activity levels of nitrites and bridging nitrates in
single teeth compared to double teeth [43]. Consequently, the NiCuFe-LDO-3 cata-
lyst produced via urea hydrothermal methodology demonstrated an enhanced NO
adsorption capacity, consistent with the results of the NH;-SCR activity assessment.

Pre-absorption of NO + O, with NH,

To investigate the reaction performance of NiCuFe-LDO catalysts for surface
adsorption of nitrogen oxides, in-situ transient reaction experiments at 150 °C were
used. The absorption spectra of NiCuFe-LDO-3 catalysts were observed in Fig. S5.
The peaks located at 1618, 1589, 1551, and 1255 cm~! were identified as corre-
sponding to the gaseous NO, molecule, bi-dentate nitrate, uni-dentate nitrate, and
bridged nitrate. As the gas changes to NH;, the peak at 1551 cm™! reduces gradu-
ally until it disappears, while the peaks of the adsorbed state NH; species (1631,
1589, 1534 cm_l) increase in intensity [49]. Moreover, it is suggested that the
adsorbed nitrate does not readily participate in the reaction, as the peaks at 1631 and
1255 cm™! remain present [50]. As the reaction time increases, the intensity of the
absorption peaks also rises, which is attributed to the superposition of NH; adsorp-
tion on the Lewis acidic site [51].
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The phenomenon could be attributed to the fact that monodentate nitrate reacts
with NH; directly, whereas bidentate nitrate was not significantly involved in the
NH;-SCR reaction. Therefore, monodentate nitrate formed on the surface of the
NiCuFe-LDO samples could be considered as the primary reactive intermediate
species that could react directly with NH; to produce N, and H,O. It is evident that
adsorbed NO, species can participate in the denitrification reaction via the L-H
pathway with NH; [52].

Pre-adsorption of NH; with NO+ 0,

The in-situ DRIFTS results for the adsorption of NH; on NiCuFe-LDO catalysts at
150 °C, followed by the reaction with NO+ O, are presented in Fig. S6. As illus-
trated in the figure, NiCuFe-LDO catalyst, exposed to NH; following adsorption
saturation and N, flushing, exhibited the peaks of NH; species at 1631, 1535, and
1229 cm™! [53, 54]. When NO + O, was passed through, the absorption peaks of the
adsorbed NH; species at 1229 cm™' and 1631 cm™' reduced swiftly and vanished
after 5 min, along with the absorption peak at 1535 cm™'. The observation suggests
that NO, species reacted primarily with the adsorbed state NH; on the Lewis acidic
site, followed by the reaction of NH; adsorbed on the Brgnsted acidic site. The dis-
appearance of both NH; adsorbed species indicates that both types of ammonia
species adsorbed on the acidic site can engage in both the NH;-SCR reaction and
the NO reduction, as part of the E-R reaction mechanism [55]. The NH,* absorp-
tion peak attributed to Brgnsted acidic sites at 1440 cm™" slightly increased follow-
ing the passage of NO+ O, for 5 min. This outcome was due to the transformation
from the adsorbed state of NH; on Lewis acidic sites to NH,* adsorbed state of NH,
to NH,* under the effect of NO+O,. Thus, the outcome implies that the NiCuFe-
LDO catalyst possesses a well NH; adsorption and activation ability. As a result, it
enhances the reaction rate between NH; species and NO 4+ O,, thereby facilitating
the NH;-SCR reaction.

The results of the transient reaction experiments conducted in-situ indicate that
NO gas molecules can react directly with -NH, (E-R mechanism) and can also be
converted into nitro species via oxygen adsorbed on the catalyst surface, followed
by reaction with -NH, (L-H mechanism) [56]. This clarifies that the NiCuFe-LDO
catalysts induce the low-temperature NH;-SCR denitrification process through the
combined influences of the E-R and L-H pathways.

Mechanism study

The NH;-SCR reaction over the NiCuFe-LDO catalyst synthesized by urea hydro-
thermal method was found to follow both the E-R and L-H mechanisms as analyzed
in the previous section. The NiCuFe-LDO-3 catalyst has a higher number of Lewis
acidic sites. NH," and its dehydrogenation intermediate (-NH,) are more active than
NH; in the coordination state. This allows them to preferentially react with NO to
produce NH,NO. The reaction of NH,*/NH; with NO produces NH;HNO/NH,;NO,
which further decomposes to NH,NO. Ultimately, N, and H,O are decomposed,
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consistent with the E-R mechanism [54]. When adsorbed NH; reacts with nitrate,
NO can be adsorbed and bound to the surface of metal oxides to form monodentate
nitrate species. These species further react with the ligand-adsorbed NH; to form N,
and H,0. The NiCuFe-LDO-3 sample has the largest number of monodentate nitrate
species, which is conducive to the “fast SCR” reaction. The L-H mechanism is fol-
lowed [55].

Evaluation of the activity of catalyst NH,-SCR reaction

Figure 6a presents a comparison of the catalytic activity of various NiCuFe-LDO
catalysts that underwent different synthesis methods. The results show that the
NiCuFe-LDO-2 sample synthesized by the impregnation method exhibited the low-
est catalytic activity. The highest NO conversion rate of the NiCuFe-LDO-2 sample
was seen at 240 °C and reaching 82% only, which was lower than that of the origi-
nal CuFe-LDO catalyst without Ni at the 160 °C to 300 °C temperature range. The
reduced activity may be due to changes made to the initial CuFe-LDO sample, which
disrupted its ion distribution on the surface or blocked the active site. The NiCuFe-
LDO-1 sample obtained through the co-precipitation technique exhibited only minor
improvement in deNO, activity at lower temperatures compared to the CuFe-LDO
catalyst. The NiCuFe-LDO-3 sample, synthesized by the urea hydrothermal route
exhibited the greatest catalytic activity. It achieved a NO conversion rate of more
than 80% within the temperature range of 180 °C to 280 °C, and the NO conversion
at 240 °C was up to 95%. Although the catalytic activity of the sample decreases
slightly with temperature, a conversion of 74% is maintained at 300 °C, demonstrat-
ing a greatly extended temperature window. In summary, the introduction of Ni was
found to effectively enhance the activity of the CuFe-LDO catalyst and broaden the
temperature range for improved high-temperature catalytic activity. Notably, the
activity of samples with Ni introduced through different methods exhibits significant
variations, and the urea hydrothermal route was the best.
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Fig.6 NH;-SCR performance of LDO samples. a Nitrogen oxide (NO,) conversion; b N, selectiv-
ity. (Reaction conditions: NO=1000 ppm, NH;=1100 ppm, O,=4%, H,0=5%, balanced N,, and
GHSV =100,000 h.™!)
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Figure 6b demonstrates that all samples exhibit over 95% N, selectivity at
150~300 °C. The NiCuFe-LDO-3 sample shows slightly better selectivity than the
other samples. In addition, in order to evaluate the effect of 5% water in the simu-
lated gas on the catalyst, the reacted catalyst, named NiCuFe-LDO-3a, was removed
and subjected to XRD tests. The results are presented in Fig. S7. The absence of
characteristic LDH peaks in NiCuFe-LDO-3a suggests that the hydrotalcite has
not been reduced. The catalysts appear to be minimally affected by the presence of a
small amount of water, which can be disregarded.

Conclusion

The study describes the production of NiCuFe-LDO catalysts using co-precipitation,
impregnation, and urea hydrothermal methods. Structural analysis shows that the
NiCuFe-LDO-3 sample has a significant specific surface area and a highly crystal-
line nanoflower-shaped structure, which provides more reactant adsorption sites and
enhances NH;-SCR activity. The NiCuFe-LDO-3 catalyst exhibited the highest con-
centration of Lewis acidic sites, as indicated by the H,-TPR and NH;-TPD analyses,
resulting in the most substantial hydrogen consumption. The presence of Lewis acid
was found to be crucial in the NH;-SCR reaction, which was supported by in-situ
DRIFTS characterization. Additionally, XPS characterization revealed ionic trans-
formations on the surface of samples. The sample created using the urea hydrother-
mal technique contained higher amounts of Ni**, Fe’*, and chemisorbed oxygen,
resulting in a higher conversion rate and a broader temperature range. Additionally,
the reaction mechanism of the NiCuFe-LDO catalyst was revealed through in-situ
infrared spectroscopy, which showed the combined action of the E-R pathway and
the L-H pathway. The results indicate that the NiCuFe-LDO-3 samples synthesized
by the urea hydrothermal method exhibit the best catalytic properties and have sig-
nificant potential for practical use.
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