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Featured Application: These catalysts can be envisioned for decontamination of nitrogen oxides
from mobile and stationary exhaust sources.

Abstract: In this work, the synthesis of Cu/SiO; catalysts starting from pre-formed copper nanoparticle
(CulNP) colloidal suspensions was carried out. Two different protocols for the CuNP synthesis were
tested: (i) a green approach using water as solvent and ascorbic acid as reducer and stabilizing agent,
and (ii) a second solvothermal method involving the use of diethylene glycol as solvent, sodium
hypophosphite (NaH;PO,) as reducer, and polyvinylpyrrolidone (PVP) and cetyltrimethylammonium
bromide (CTAB) as stabilizing agents. In addition, and for the sake of comparison, a third catalyst
was prepared by solid state conventional grinding of CuO with SiO;. The catalysts were tested in
the environmentally relevant catalytic reduction of NOx with Hj, in a temperature range from 300
to 500 °C. The catalysts were characterized by X-ray diffraction (XRD), temperature programmed
reduction (TPR) cycles, Raman spectroscopy, and N; adsorption for specific surface BET measurements.
From these techniques CuO and Cu(0) species were detected depending on the synthesis protocol.
CuNP size and size distribution in the colloid suspensions were determined by transmission electronic
microscopy (TEM). The catalyst prepared from the aqueous suspension (CuAsc/SiO;) exhibited higher
NO conversion (100%) and selectivity (85%) toward N, at the lower reaction evaluated temperature
(300 °C). The CuCTAB/SiO, catalyst obtained by the solvothermal approach showed activity at high
reaction temperature (400 °C) preferentially. The metal-support mechanical mixture exhibited a
negligible response at low temperature and low conversion (68%) and selectivity (88%) at 500 °C.
Nanoparticle size and distribution on the support, together with the metal-support interaction, were
postulated as the most plausible parameters governing the catalytic performance of the different
Cu/SiO, materials.

Keywords: copper nanoparticles; NO selective catalytic reduction; nanoparticle impregnation;
copper-silica catalysts
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1. Introduction

The emission of nitrogen oxides (NOy, x = 1, 2) stemming from the combustion of fossil fuels
in power plants or from the exhaust gases of mobile sources (i.e., road transport) is an ever-present
environmental concern. These gases contribute to air pollution and lead to multiple environmental
problems such as acid rain, photochemical smog, the greenhouse effect, among others [1,2]. Several
alternatives for NOy mitigation have been proposed. Since 1973, the selective catalytic reduction
(SCR) of NOy with ammonia (NH3-SCR) has been widely utilized [3]. However, because of the risks
associated with handling and storage of NH3, NOy reduction with hydrocarbon (HC) technology
(HC-SCR) has been extensively studied [4]. There exist numerous works in the literature reporting the
use of different hydrocarbons as reducing agents and a wide variety of catalysts under these reaction
conditions [4,5]. While this approach looks very promising, it has not been extensively applied yet due
to a series of drawbacks such as: (i) catalyst deactivation; (ii) limited selectivity of NOx to Np; (iii) high
reaction temperatures, (iv) the need of excess HC that must be burnt, and finally (v) incremental air
pollution (CO,) and energy consumption.

Consequently, it is important to find methods for NOy reduction that (i) reduce the CO, emissions,
(ii) use green reducing agents, (iii) require lower energy costs, and (iv) involve low-cost, greener,
active, selective and stable catalysts. In this regard, hydrogen has been considered to be a powerful
alternative due to the fact that it is environmentally friendly and it forms H,O and N as the major
end-products [6-9]. Equation (1) represents the overall reaction for the selective formation of N, using
H, as reductant.

The studied catalytic systems for Hy-SCR are diverse and mostly based on the study of noble-metal
catalysts [10]. For this reason, nowadays there is an increasing interest to develop alternative catalytic
systems involving the use of less expensive and more abundant transition metals, with the respective
economic benefits [11-15]. For instance, Pt supported on Al,O3 exhibits high activity for NO reduction.
Nevertheless, the selectivity to N, decreases with increasing reaction temperatures [16-20]. In order
to improve its catalytic performance, alternative supports have been systematically tested: SiO,,
TiO,, MnOy, and zeolites, together with perovskite type solids, etc. [21]. Pd and Ir deposited on
different substrates have also been proposed as active materials towards NOx H,-SCR with a strong
dependence of the final outcome on the metallic active site-support interactions and the specific reaction
conditions [12]. Other catalysts based on noble metals such as Pd and Pt have shown better results
even at low operating temperatures (below 200 °C) [6]. Nevertheless, the search for affordable and
inexpensive catalysts based on non-noble transition metals increased the number of studies exploring
the use of copper-based alternatives for the selective reduction of NO [22]. Bifunctional Cu-Al-MCM-41
catalysts were studied for both NO reduction and hydrocarbon oxidation [11]. The results showed that
well dispersed and isolated Cu ions present in the mesoporous MCM-41 catalyst could act as an active
redox center. Hence, hydrogen behaves as a better reducing agent than hydrocarbons, leading to an
increased NO conversion at lower temperatures. The use of the Cu/ZSM-5 catalyst rendered a simple
and straightforward NO reduction in the presence of hydrogen. However, the activity was almost
negligible at reaction temperatures below 400 °C [23].

Regarding catalyst synthesis, the controlled deposition of a highly dispersed active phase onto a
catalytic support has always been considered a challenging issue that strongly affects the final catalytic
outcome. Conventional catalyst preparation methods are diverse, like wetness impregnation of metal
precursors, co-precipitation, mechanical mixing, ionic exchange, and so on [24,25]. The advantages
of these routes are well documented, and the synthesis of catalysts from a suspension of the active
metal with nanometric size might turn out to be profitable [26-32]. Taking into account the synthesis
of metal nanoparticles, there exists a large number of protocols that report the chemical reduction of
the metallic precursor in solution as the most promising alternative approach [26,33,34].

In this work, two different protocols for the synthesis of colloidal copper nanoparticles (CulNPs)
were developed. These pre-formed CulNPs were subsequently impregnated onto commercial silica
Aerosil 300® supports. One of the selected CuNP protocol was carried out in a totally green aqueous
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media, while the second one involved an organic medium with no eco-friendly reagents. Both Cu/SiO,
catalysts obtained after the CuNP impregnation were evaluated and compared with a third catalyst
obtained by solid state conventional grinding of CuO with SiO,. The hydrogen-assisted reduction of
NO was carried out as a test reaction to compare the catalytic behavior of the different materials in the
300-500 °C range.

2. Materials and Methods

2.1. Chemicals

Copper chloride (CuCl,-2H,0, 99.0%, Sigma-Aldrich, CABA, Argentina) and copper sulphate
(CuS0O4-5H,0, 98.0%, Sigma-Aldrich, CABA, Argentina) were used as metal precursors. Ascorbic acid
(C¢HgOg, Cicarelli, 99.0%, Santa Fe, Argentina) was used as both green reductant and stabilizing agent.
Sodium hypophosphite (NaH,PO,, Merck, 99.0%, Kenilworth, NJ, USA) was used as a reductant
reagent, and polyvinylpyrrolidone ((C¢HoNO), PVP, K-30, Sigma-Aldrich, CABA, Argentina) together
with cetyltrimethylammonium bromide (C19H4,BrN, CTAB, 99.0%, Sigma-Aldrich, CABA, Argentina)
were used as stabilizing agents. Water (Milli-Q grade) and diethylene glycol (C4H;¢O3 Cicarelli,
p.a. Santa Fe, Argentina) were used as solvents. Commercial silica Aerosil 300® was used as
catalytic support.

All reagents were of analytical grade and were used as received without further purification.

2.2. Characterization Techniques

The quantitative chemical composition of the catalysts was performed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) on an ICP-OPTIMA 2100 DV Perkin Elmer instrument.
The particle size distribution was determined by transmission electronic microscopy (TEM) in a FEI
Tecnai T-200 operated at 200 keV. Aberration corrected scanning transmission electron microscopy
images for selected samples were acquired using a high angle annular dark field detector in a FEI
XFEG TITAN electron microscope operated at 300 kV equipped with a CETCOR Cs-probe corrector
from CEOS Company allowing formation of an electron probe of 0.08 nm. The geometric aberrations
of the probe-forming system were controlled to allow a beam convergence of 24.7 mrad half-angle
to be selected. Elemental analysis was carried out with an EDS (EDAX) detector, which allows EDX
experiments to be performed in scanning mode. The samples were suspended in ethanol, under
sonication, and 3 drops of each sample were carefully drop-casted onto Ni mesh grids. Specific surface
area of the fresh and used catalysts were determined by N, adsorption isotherms and the BET equation
was measured with the aid of an instrument Micromeritics Gemini V2.00-2380.

Fresh and used catalysts were additionally characterized by X-ray diffraction (DRX, Shimadzu
model XD-D1 with a copper source radiation, CuKx). The Raman spectra were recorded using a
LabRam spectrometer (Horiba-Jobin-Yvon) equipped with a CCD detector and a 532 nm excitation
wavelength (laser power set at 30 mW) and a coupled Olympus confocal microscope.

Oxidation states of copper were determined by temperature programmed reduction experiments
carried out up to 500 °C in Hp/Ar 5% v/v ambient, with a temperature heating ramp of 10 °C-min~".
A Micromeritics AutoChem 1I-2920 equipment with a TCD detector was used for temperature
programed reduction (TPR) analysis. The hydrogen consumption was referred in all cases to 50 mg
of each dry sample placed in a U-shaped quartz tube reactor. The TPR profiles of the fresh samples
were obtained after the calcination treatment, described in Section 2.3.2. For used samples, a first TPR
(TPR-I) profile was performed. Then, after TPR-I, the same sample was re-oxidized in pure oxygen for
30 min at 500 °C and a second TPR (TPR-1I) was obtained. All the TPR experiments were carried out
by heating the samples at 10 °C-min~! up to 500 °C in Hy/Ar 5% v/v flowing mixture.

Differential Scanning Calorimetry (DSC) was used to analyze the thermal decomposition of the
unreacted precursors present in the catalysts. A Mettler Toledo instrument with a DSC821e module
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was employed. Samples of 3040 mg placed inside a 40 puL aluminum crucible were heated from 30 °C
to 500 °C in air flow (50 cm®min~!) employing a heating rate of 10 °C-min~".

2.3. Synthesis of Copper-Silica Catalysts

2.3.1. Synthesis of Copper Nanoparticles (CuNPs)

The greener synthesis route of CuNPs was inspired in a previous protocol reported by
Xiong et al. [35] that combined the selection of copper chloride (CuCl,-2H,0) as metal precursor
(25 mL, 0.2 M) and ascorbic acid (25 mL, 1 M) as both reductant and stabilizing agent. The CuNP
sample is referred to as CuAsc. Figure 1 shows the synthesis scheme and the suspension color evolution.
The synthesis was carried out under refluxing conditions at 80 °C during 20 h of reaction employing
water as solvent. The solution pH was not adjusted, reaching a value near to 3.
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Figure 1. Scheme of the environmentally friendly protocol established to obtain CuNPs using water as
solvent and ascorbic acid as mild reducing agent.

The second strategy to synthesize Cu colloidal NPs involved the use of a solvothermal synthesis
approach previously proposed by Tang and co-workers [36]. This second protocol was conducted in
diethylene glycol (DEG) as solvent, using cupric sulphate (CuSO4-5H;0) as metallic precursor, sodium
hypophosphite (NaH;PO;) as a reductant agent, and polyvinylpyrrolidone (PVP, K-30) together with
cetyltrimethylammonium bromide (CTAB) as stabilizing agents. Figure 2 summarizes the different
synthesis steps. The CuNPs obtained is referred to as CuCTAB. Three solutions were prepared: 25 mL
of a solution of PVP/DEG (4% w/v) and CTAB/DEG (0.1 M), 25 mL of a solution (0.6 M) of NaH,PO,,
and 50 mL of an aqueous solution of CuSO4-5H,0 (0.2 M). Firstly, the solutions containing the reducing
and stabilizing agents were mixed at 100 °C. Secondly, the solution with the metallic precursor was
added at 140 °C (reaction temperature) and magnetically stirred for 5 min.
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Figure 2. Schematic sequence of the different reaction steps in the solvothermal approach to obtain
CuNPs using DEG as solvent.

2.3.2. Preparation of the Cu-SiO, Catalysts

The following step involved the wet impregnation of the preformed CulNPs on the SiO, support
(Aerosil 300®) by wet impregnation of the CuNPs. Assuming a complete reduction of the copper
precursors, a 4.2 mL aliquot of each resulting CuNP suspension was stirred in the presence of 500 mg
of the support at 60 °C until ca. 90% of the liquid evaporated. Then, the catalysts were dried at 100 °C
for 24 h in a conventional oven. The final metal loading was estimated in 1 wt.% by ICP analysis. The
catalysts were labelled as CuAsc/SiO, and CuCTAB/SiO, depending on the protocol used in the CuNP
preparation. For the sake of comparison, a third catalyst was prepared by conventional grinding of
495 mg of the silica support and 6.3 mg of copper (II) oxide. This catalyst was named CuOB/SiO,. All
solids were calcined in 100 mL-min~! He/O, 50% v/v conditions for 8 h at 500 °C, with a heating rate of
5 °C-min~!. The synthetized catalysts were stored in a closed glass flask after calcination. Samples
before and after catalytic evaluation were labeled as fresh and used, respectively.

2.4. Catalytic Reduction of NO with H,

All catalysts prepared as described above were tested in a fixed bed reactor, using a gas hourly
space velocity (GHSV) = 2250 h~! defined as feed flow/catalytic bed volume. The catalytic tests were
performed maintaining a constant copper content. The typical reacting mixture gases consisted of [NO]j
= 2000 ppm, [Hz]o = 3% (v/v), balanced at 1 atm with He. The catalysts were pre-reduced at 400 °C in
a 3% Hj flow for 1 h. Before the catalytic tests, the solids were cooled to room temperature. Then, the
catalytic activity was progressively measured at 300, 400, and 500 °C. The catalytic measurements were
replicated three times for each catalyst with no significant variations on the final outcome (standard
deviations below 5%). Every catalyst was kept under reaction conditions for at least six accumulated
hours, not detecting any sign of deactivation in each fix reaction temperature interval of 2 h. The reactor
effluent concentrations (ppm) of [NOx] = [NO] + [NO;] + [N,0O], and [NH3] were monitored every 2
min with an on line FTIR Mattson Genesis II (resolution of 4 cm~!) instrument equipped with a 15 cm
path length gas IR cell with CaF,; windows at RT. The N; production was calculated by atomic nitrogen
balance. The NO conversion (Cno, %) and the selectivity to N (S, %) was calculated as follows:

Cno (%) = (INOJp - [NOJ)/[NO], = 100 @

S (%) = (INO]p - [NO] - [NO,] - 2[N2O])/[NO]o * 100 ()
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where [NOJO is the initial concentration of NO (2000 ppm), whereas [NO], [NO;] and [N,O] are the
concentrations of the corresponding components in the reactor effluent

3. Results and Discussion

3.1. Characterization of the Cu/SiO, Catalysts

Table 1 summarizes the CuNP particle sizes obtained by the different protocols and final metal
loadings on the silica supports before and after the catalytic test, determined by ICP-AES. Quantitatively
similar metal loadings were observed, for the fresh and used catalysts, confirming the absence of
leaching phenomena under catalytic testing conditions. Figures S1 and S2 in Supplementary Materials
show both TEM micrographs and histograms of the size distribution of copper nanoparticles before
impregnation onto the silica. The CuCTAB/SiO, presented a turquoise-blue final color, while the
CuOB/Si0; and CuAsc/SiO; resulted in brown solids (Figure S3 in Supplementary Materials).

Table 1. Particle size of the as prepared CuNPs and final Cu loading on the fresh and used catalysts.

Cu Loading (%) 2 Cu Loading (%) 2

: 1
CuNPs Size (nm) Catalyst Fresh Catalyst Used Catalyst
CuO - CuOB/SiO, 0.7+0.1 0.7+0.1
CuAsc 33+09 CuAsc/SiOy 09 +0.1 09 +0.1
CuCTAB 24 +07 CuCTAB/SiO, 05+0.1 05+0.1

1 Particle size measured by TEM micrographs, see Figures S1b and S2b in the Supplementary Materials. 2 Cu loading
in the fresh catalysts, determined by ICP-AES.

The specific surface area and the N, adsorption isotherms of the fresh and used materials are
detailed in Table 2 and Figure 3, respectively. Both CuOB/SiO; and CuCTAB/SiO, displayed an
approximate decrease in specific surface area of 15%, with 12% losses observed for CuAsc/SiO;.
Consequently, the thermal process conducted during the catalytic tests did not significantly affect
textural properties of the catalysts. This surface area reduction could be associated with partial sintering
and intergrowth of a fraction of the spent CuAsc/SiO; catalyst, corroborated by STEM-EDX analysis

Table 2. Specific surface area data of fresh and used catalysts.

Specific Surface Area (m2.g~1)

CuOB/SiO, CuAsc/SiO, CuCTAB/SiO,
Fresh 2 Used ? Fresh 2 Used P Fresh 2 Used P
280.4 230.4 265.5 2335 275.3 239.2

(118)¢ (12)¢€ (15) ¢

Specific surface area measurements: # fresh sample, after calcination treatment, b used samples, after the complete
catalytic tests. © Specific surface area loss refers to the fresh sample.

DSC results (Figure 54 in the Supplementary Materials) showed that the organic components
present in the CulNP suspensions (CuAsc and CuCTAB) were completely decomposed at the selected
calcination temperature of 500 °C. X-ray diffraction analysis (Figure 4) of the calcined CuOB/SiO,
catalyst revealed a CuO monoclinic structure of tenorite (26: 35.6° (111) and 38.7° (111) JCPDS 5-0661).
In contrast, the same sample used under H>-SCR NOx reaction conditions showed the presence of
metallic particles of Cu’ (26: 43° (111) JCPDS 4-0836), thereby indicating that copper species remain
reduced after being under reaction. Raman spectra (Figure S5, in Supplementary Materials) further
confirmed that CuO species were present in both fresh and used catalysts due to the presence of Cu-O
features at 300 and 350 cm ™! [37,38].

The XRD pattern of the calcined CuAsc/SiO; catalyst pointed out the presence of CuO
moieties. However, after reaction, no copper species signals were distinguished in the corresponding
diffractogram, but CuO could be observed by Raman spectroscopy. This could be due to the presence
of particle sized smaller than the DRX instrument limit detection or that the species were amorphous
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or atomically dispersed on the support [39]. No DRX patterns of copper species were detected for
either fresh or used CuCTAB/SiO; catalysts. Nevertheless, CuO species could still be detected by
Raman spectroscopy on the after-reaction sample (bands located at ca. 300 and 350 cm™" in Figure S5 in
Supplementary Materials) [40]. The fresh sample CuAsc/SiO, (not shown) also exhibited fluorescence
under Raman measurement conditions [41].

1000
—=— CuCTAB/SiO, fresh
800 | CuCTAB/SiO, used
—— CuAsc/SiO, fresh
—— CuAsc/SiO, used
600 - CuOB/SIO, fresh

—<+— CuOB/SiO, used

400

Volume adsorbed (cm’/g) srp)

200

p——23
——4 -
—— V=

S

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p,)

Figure 3. Nitrogen adsorption isotherms of the fresh and used catalysts.

B CuO

A Cu
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CuAsc/SiO, Fresh

3 CuCTAB/SiO, Used
> ‘
- ‘
£ CuCTAB/SIO, Fresh
A
CuOB/SiO, Used

uOB/SiO, Fresh

30 35 40 45 50

Figure 4. X-ray diffractograms of fresh and used catalysts.
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Taking into account that the metal reducibility strongly depends on the particle size, oxidation
state, and its interaction with the support [42—44], TPR analysis of the fresh Cu/SiO, catalysts was
performed in order to obtain information about the nature of Cu species and their dispersion onto
the support. Figure 5 and Table 3 show the TPR profiles and relative H, consumption, respectively.
It could be noted that copper oxide was present in both CuOB/SiO, and CuAsc/SiO, calcined at 500 °C
catalysts and that it was completely reduced at 400 °C. However, in the CuCTAB/SiO, sample an
additional reduction effort (51%) was necessary at higher temperature, indicating that after the CuNPs
were supported on SiO; 49% of the copper remained as Cu(0).

_ CuC‘TAB/SiO2 310
- - CuOB/SiO:

— . —CuAsc/SiO,
" 286 327

N
AR
[AR!
!
[

Hy Uptake

100 200 300 400 500
Temperature (°C)

Figure 5. Temperature programmed reduction (TPR) profiles of the calcined fresh catalysts. Calcination
treatment: 500 °C in air flow, heating rate: 10 °C min~L. Solid line: CuCTAB/SiO,, dash line: CuOB/SiO,,
dash dot line: CuAsc/SiO;.

Table 3. Reducibility analysis of fresh, used, and re-oxidized catalysts.

H,/Cu:
Total Molar H, Consumption / Cu Molar Content
Catalyst Fresh Fresh Re-Oxidized Used Used Re-Oxidized
TPR-I TPR-II TPR-1 TPR-I1
CuOB/SiO, 1 - 0.06 1
CuAsc/SiO, 1 - 0.65 1
CuCTAB/SiO, 0.51 0.76 0.22 0.31

* TPR measurement conditions: Hy/Ar 5% v/v ambient, 30 mL-min~!, heating ramp: 10 °C min~! up to 500 °C, dry
catalyst weight: 50 mg. The H, consumption was obtained taking into account the reduction of the CuO standard
reagent under similar temperature programmed conditions.

Prior to the reaction tests, the catalysts were initially reduced at 400 °C in the presence of hydrogen.
As a consequence, at the beginning of the reaction test, only metallic copper particles could be detected
in the CuOB/SiO, and CuAsc/SiO; catalysts. In contrast, almost 50% of the copper was present as
oxidized entities in the fresh CuCTAB/SiO; solid. The low reducibility of this sample may be attributed
to (i) the presence of strong metal-support interaction that increased the reduction temperature of the
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oxidized copper species, or (ii) the formation of silicalite type species during the calcination treatment
evidenced by the turquoise-blue final color (Supplementary Materials Figure S3) [42,45]. The latter
hypothesis could be sustained by the highly exothermic decomposition reaction during the calcination
of the sample, which could generate high temperature spots leading to the formation of such Cu-5i
complexes (Supplementary Materials Figure S4).

In order to verify the presence of metallic copper species and their interaction with SiO,, the sample
resulting from the TPR-I experiments was further calcined in air flow up to 500 °C. Then a subsequent
H,-TPR (TPR-II) was performed.

The TPR-I profile of the CuOB/SiO; catalyst after reaction indicated that the main copper species
supported on SiO, was in metallic state Cu(0) (94%) (Figure 6A, Table 3). An analogous effect could
be observed in the CuAsc/SiO; used catalyst with ca. 65% of reduced copper entities (Figure 6B).
However, in the CuCTAB/SiO; catalysts, 22% of the initial CuO remained as Cu*". Not only the H,
consumption was modified after all catalytic tests, but also the maximum reduction temperatures
(Figure 6C). The H, uptake profiles of the used catalysts prepared from the CuNP suspensions shifted
to lower temperatures. This could be attributed to a lower interaction of the CuO particles with the
support or to the particle size changes on the support surface [46].

A 263 B 217 C 345
. 0.001
CuOB/SiO, 0005 CuhscSIO, 0.005 || CuCTAB/SIO,

Reoxidized
328

TPR-II
9 Used-Reoxidized
] 317
S |TPRII
) Ii(joﬁ \
TPR-1
Used TPR-I
Used

NS\ e

f I
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500

Temperature (°C) Temperature (°C) Temperature (°C)

Figure 6. TPR profiles of the used (TPR-I) and re-oxidized catalysts after TPR-I (TPR-II). (A) CuOB/SiO,,

(B) CuAsc/SiO,, (C) CuCTAB/SiO,. Catalyst weight: 50 mg. Re-oxidation treatment: 500 °C in air flow,

heating rate: 10 °C min~.

For the CuAsc/SiO; fresh catalyst, TPR-I revealed a maximum at 286 °C with a shoulder at
327 °C, which suggests the reduction of CuO in two different steps: Cu(II) to Cu(I) and Cu(I) to Cu(0),
respectively) [46]. However, this former peak could be also associated with particles with different
sizes [47]. It could be observed that at 400 °C all copper species were reduced.

Regarding the CuCTAB/SiO; catalyst, the TPR profile of the fresh catalyst (Figure 5C) showed
a main peak around 365 °C with a shoulder at 441 °C. A second TPR after re-oxidation (not shown)
showed a 20% increment in the H, consumption higher than in the fresh catalyst, thereby suggesting
that part of the copper remained in the metallic state even after being supported and calcined or that
Cu-S5i like entities formed during the pretreatment were less prone to reduction. The TPR-I profile
of the used solid CuOB/SiO; catalyst (Figure 6A) showed that Hy, consumption decreased notably;,
suggesting that after the reaction a great percentage of the metal remained reduced [44]. After this
TPR-], the sample was re-oxidized up to 500 °C during 30 min under pure oxygen flow, and a new
TPR-II was obtained. In this second profile two peaks appeared, one at 263 °C and other at 317 °C,
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confirming that after reaction, copper particles did not oxidize completely and probably the dispersion
of the same ones changed over the support [47-49].

For the CuAsc/SiO; used catalyst, a similar profile was observed that resembled the calcined
sample, but with a lower H, consumption. This indicates that a fraction of copper remained as metallic
particles (Cu(0)), in agreement with the XRD pattern (Figure 4). The profile of the used and re-oxidized
catalyst (TPR-1I, Figure 6B) revealed two well-defined peaks (217 and 328 °C) whose H, consumption
corresponded to the total reduction of copper (Table 3). These differences suggest that the oxidation
treatment promoted some reorganization of copper species, which gave rise to two well defined
reduction peaks at lower temperatures, indicating an increment of the reducibility of the sites and a
decreasing metal-support interaction [50,51].

In the case of the CuCTAB/SiO, after reaction, the reduction area (Figure 6C) turned out to be
much lower with a single peak centered at 340 °C. This suggests that a fraction of the copper particles
remained like Cu(0) after the reaction. On the other hand, the total reduction of the copper entities
took place at higher temperatures (350 °C) than the other catalytic counterparts (CuOB/SiO, and
CuAsc/SiO,). Consequently, it is possible to infer that the lower reducibility of this catalyst was due to a
higher metal-support interaction. Moreover, it could be associated with the formation of a chrysocolla
type phase, a kind of copper hydrosilicate [39,45,52].

From the evaluation of our Cu/SiO, catalysts by transmission electron microscopy (TEM)
(Figures S6 and S7) it could infer the amorphous and nanometric morphology of the silica selected as
support. For the grinded CuOB/SiO;, both fresh and used, large CuO particle aggregates were mainly
detected. In contrast, for both CuAsc/SiO; fresh and used it was not possible to discriminate individual
CuNPs (Figures 7 and 8), indicating a very good dispersion of the preformed CuOx nanoparticles
within the SiO, support except for certain fractions of aggregated particles in the spent catalyst
(Figure 8). In the case of the fresh CuCTAB/SiO, sample, a similar morphology to CuAsc/SiO, was
observed. Nevertheless, the CuCTAB/SiO;, sample after reaction revealed the presence of embedded
CuNPs with higher average sizes. This could be associated with the formation of a silica—copper
compound with high interaction that, after contact with reaction gases, formed small and strongly
attached nanoparticles on the support.

0o B 13.06.10 Acquire EDX Acquire HAADF Area 1

100

Counts

10 15 20
Energy (keV)

Figure 7. HAADF STEM images of the fresh CuAsc/SiO; catalyst and representative EDX spectrum of
a selected area.
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Figure 8. HAADF STEM images of the CuAsc/SiO, catalyst after reaction and representative EDX
spectrum of a selected area.

3.2. Catalytic Evaluation in the NO Reduction with Hydrogen

The catalytic measurements were carried out in triplicate for each catalyst. No significant
differences were found, thereby confirming a good reproducibility of the materials and the robustness
of the methodology (Table 4). Although no long-term stability studies were conducted, all the catalysts
exhibited stable NO conversion levels at each specific reaction temperature under evaluation for an
accumulated experiment of six consecutive hours (two hours at 300 °C, two hours at 400 °C, and then
two additional hours at 500 °C, respectively; see Figure 9 for comparison) Regarding the activity of the
solid mixture CuOB/SiO; catalyst, Figure 9A and Table 4 show the conversion of NO in the presence of
H,. Total NO conversion was not observed at any evaluated temperature and total selectivity towards
Ny solely was achieved at 400 °C, at the expense of lower NO conversion levels. Nevertheless, the
activity of this material was negligible at 300 °C for the reduction with Hj. Figure 9B and Table 4 also
summarize the catalytic performance of the CuAsc/SiO,. In this case, the NO conversion was total for
the full temperature ranges. At 500 °C the reduction reaction showed N, and NO, as the main products
presenting selectivity to Ny, of 88%, whereas at 400 °C only N, was formed. It is worth highlighting
that the catalyst showed activity at 300 °C with an outstanding 86% of selectivity to nitrogen.

Table 4. NO conversion and NO to Nj selectivity from the catalytic tests 1.

Total NO Conversion NO to N; Selectivity
Catalyst Cno (%) 2 Snp (%) 3
300 °C 400 °C 500 °C 300 °C 400 °C 500 °C
CuOB/SiO; 0 75+ 1 68+1 0 75+1 88+1
CuAsc/SiO, 100 100 100 8=x1 100 88+1
CuCTAB/SiO, 0 100 100 0 100 100

1 Reaction conditions: [NO]J; = 2000 ppm NO, [Hz]o = 3% Hp, balanced at 1 atm with He, GHSV: 2250 hL.
2 Equation (I). 3 Equation (II). Minimal deviations were obtained in the catalytic tests (triplicates).
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Figure 9. Catalytic activity of A: CuOB/SiO;,, B: CuAsc/SiO,, and C: CuCTAB/SiO, for the NO reduction
with Hy. Reaction conditions: [NO]Jy = 2000 ppm NO, [Hy]y = 3% Hj, balanced at 1 atm with He,
GHSV: 2250 h*.

Concerning the catalytic activity of CuCTAB/SiO,, both the conversion of NO and the selectivity
towards N, was 100% at temperatures of 400 °C and 500 °C, respectively (Figure 9C and Table 4), while
no reaction occurred at lower reaction temperatures of 300 °C.

These results clearly indicate that each catalyst presented different copper species interacting
particularly with the support and with a specific dispersion that led to distinct catalytic performance.

The following reactions could take place between NO and H; [53-56].

1
NO+H2—>§N2+H20 (1)
2NO +5H, — 2 NH; + 2 H,O ()
4NO — N, +2NO, 3)
2NO + H, - N,O + H,O (4)
2NO + H, - N,O + H,O (5)

The only end-products observed in the catalytic reaction with all the prepared solids were NO, Ny,
NO,, and H,O. Neither NH3; nor N,O were detected as reaction products, as it was observed when
the test was performed with the support (5i0,) without copper at the same reaction conditions. This
result indicated the selective role of the copper towards nitrogen regardless of the reaction temperature.
A simple redox cycle for the selective reduction of NO with H, was proposed as a catalytic mechanism,
as seen in Figure 10 [23]:

1
H, H,0 NO /oN, H, H,0
(o}
2
a - N — | a -
CuO (G0 Cu® CuO CuO Cu®
I - Generation of the active site II - Dissociative adsorption — Catalytic Reaction IIT - Regeneration of the active site

Figure 10. Simple redox cycle for the selective reduction of NO with H,.
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In this redox cycle, metallic copper is formed under reductant atmosphere forming the active site.
Nitrogen oxide is adsorbed and dissociated, forming nitrogen and copper oxide on the catalyst. In a
final step, this oxidized site is regenerated under a reducing atmosphere.

The presence of NO; could be associated with a labile Cu—O surface species that contributes to a
fast NO oxidation [57]. This mechanism agrees with the behavior exhibited by the studied catalysts.
On the other hand, previous studies of CuO reduction with Hy by in-situ XRD claimed that under
analogous experimental conditions, CuO was directly reduced into Cu® without the formation of
intermediate oxides such as Cu,O or CuyOs5 [58,59]. Likewise, the same authors studied the effect of
the oxidation of metallic copper in similar conditions used in this report. Their results demonstrated
that despite the fact that CuyO is a stable intermediate oxide, only CuO was present at the end of
the treatment. These results are in agreement with the information revealed by XRD and Raman
spectroscopy of our fresh and used catalysts with no clear evidence for the presence of intermediate
oxides (Figure 4 and Figure S5 in Supplementary Materials). This would indicate that the active site
is metallic copper, remaining as CuO or Cu-O adsorbed species after reaction. Additionally, NO,
formation for CuAsc/SiO, at 300 and 500 °C, and for CuOB/SiO, at 500 °C could be associated with the
adsorption of NO on the oxidized copper sites (see Figure 10). Then, in a second step, the reduction to
metallic copper regenerates the active site with the subsequent oxidation of NO and release of NO, [23].

4. Conclusions

Copper-silica catalysts synthesized from pre-formed Cu nanoparticles have shown a promising
response towards the selective reduction of nitrogen oxides. The use of greener and more
environmentally friendly reactants rendered the best results in terms of NO conversion levels and
selectivity to Nj even at reaction temperatures below 300 °C. The use of preformed colloidal CuNPs
seems very promising and convenient to establish a good dispersion of the metallic active sites.
The results were more remarkable for the CulNPs retrieved from greener precursors that rendered
activity and selectivity at milder reaction temperatures than the catalysts prepared by solid state
grinding or by solvothermal approaches. The lack of a good homogeneity, the absence of a good
metal-support interaction, and the potential interference of organics were the main causes attributed
to the different performances of the probed catalysts. The fact that the catalysts prepared following the
greener protocol were active and selective towards NO reduction even at lower reaction demonstrates
the advantage of the proposed preparation method. The dispersion of the copper species, particle
size on the support, and its degree of interaction with the same one notably affected the catalytic
activity. In the sample prepared by mechanical mixing, the size of particles would limit the activity of
the catalyst. In the case of the catalyst prepared from CulNPs suspended in organic solvent, a high
interaction metal/support would work to weaken activity to the active site.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/9/19/4075/s1.
Figure S1. Representative TEM image and particle size distribution of Cu nanoparticles synthesized with ascorbic
acid (CuAsc NPs); Figure S2. Representative TEM image and particle size distribution of Cu nanoparticles
retrieved from the solvothermal approach using CTABr (CuCTAB NPs); Figure S3. Digital photographs of the
resulting Cu/SiO; fresh catalysts: a) CuAsc/SiOy; b) CuCTAB/SiO;,; ¢) CuOB/SiO, (physical mixture); Figure S4:
Study of decomposition of the CuNP precursors during the calcination of the catalysts calcination by Differential
Scanning Calorimetry (DSC). Sample weight: 3040 mg, Air flowing rate: 50 mL min~! Heating rate of 10 °C
min~!; Figure S5. Raman spectra corresponding to the fresh and spent Cu/SiO, catalysts; Figure S6. Transmission
electron microscopy images of the different fresh Cu/SiO; catalysts: (a,b) Cu/SiO, obtained by solid mixture;
(c,d) Cu/SiO, obtained by the impregnation of pre-formed CuNPs retrieved through the greener approach with
ascorbic acid; (e,f) Cu/SiO, obtained by the impregnation of pre-formed CuNPs retrieved through the solvothermal
approach using CTABr and organic chemicals; Figure S7. Transmission electron microscopy images of the different
Cu/SiO; catalysts after Hy-SCR NO reaction: (a—b) Cu/SiO, obtained by solid mixture; (c-d) Cu/SiO, obtained by
the impregnation of pre-formed CulNPs retrieved through the greener approach with ascorbic acid; (e-f) Cu/SiO,
obtained by the impregnation of pre-formed CuNPs retrieved through the solvothermal approach using CTABr
and organic chemicals.
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