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ABSTRACT

The partial hydrogenation of propyne was studied over copper-based catalysts derived from Cu-Al
hydrotalcite and malachite precursors and compared with supported systems (Cu/Al,O3 and Cu/SiO5).
The as-synthesized samples and the materials derived from calcination and reduction were characterized
by XRF, XRD, TGA, TEM, N, adsorption, H,-TPR, XPS, and N,O pulse chemisorption. Catalytic tests were
carried out in a continuous flow-reactor at ambient pressure and 423-523 K using H,:C3H, ratios of 1-
12 and were complemented by operando DRIFTS experiments. The propyne conversion and propene
selectivity correlated with the copper dispersion, which varied with the type of precursor or support
and the calcination and reduction temperatures. The highest exposed copper surface was attained on
hydrotalcite-derived catalysts, which displayed C3Hg selectivity up to 80% at full C3H4 conversion and sta-
ble performance in long-run tests at T > 473 K. Both activated Cu-Al hydrotalcites (this work) and Ni-Al
hydrotalcites [S. Abelld, D. Verboekend, B. Bridier, J. Pérez-Ramirez, . Catal. 259 (2008) 85] exhibited a
relatively high alkene selectivity under optimal operation conditions, but they present a markedly dis-
tinctive catalytic behavior with respect to temperature and hydrogen-to-alkyne ratio. The product distri-
bution was assigned through Density Functional Theory (DFT) simulations to the different stability of
subsurface phases (carbides, hydrides) and the energies and barriers for the competing reaction mecha-
nisms. The behavior of Cu in partial alkyne hydrogenation resembles that of Au nanoparticles, while Ni is

closer to Pd.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Light olefins, e.g. ethylene and propylene, generated by steam
and fluid catalytic cracking, alkane dehydrogenation, and methanol
to olefins, contain impurities of acetylenics and diolefins as by-
products. Reducing the level of these highly unsaturated com-
pounds to <5-10 ppm is required to fulfill the stringent specifica-
tions for both chemical and polymer-grade ethylene and
propylene. The selective hydrogenation of alkynes and alkadienes
to the corresponding mono-olefin is the most attractive option
for upgrading alkene streams [1,2]. The standard catalyst in indus-
try is palladium (<0.05 wt%) on low-surface-area alumina. Pd/
Al,03 modification by promoters (e.g. a second metal like Ag, Au,
Pb, Cu, etc.) and/or additives (e.g. feeding of CO) is mandatory to
increase both the alkene selectivity and catalyst lifetime [2-4].
These modifiers induce electronic and/or geometric effects on the
palladium sites that reduce the extent of the two undesired reac-
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tions: over-hydrogenation to the alkane and oligomerization to
higher hydrocarbons (green oil or fouling).

Recent work in the topic of partial alkyne hydrogenation has
mostly focused on different aspects encircling palladium-based
catalysts: novel preparation methods and supports [5-8], structure
sensitivity of Pd nanoparticles [7], effect of modifiers [9,10], and
selectivity-governing factors associated with the formation of hy-
dride and carbide phases [11,12]. Catalysts based on other metals
have been studied marginally. Several authors have shown and ex-
plained the highly selective character of supported gold nanoparti-
cles in partial hydrogenation of alkynes [13,14]. In the search for a
noble metal-free catalyst, Studt et al. [15] proposed, based on DFT
calculations, nickel-zinc alloys for acetylene hydrogenation. Our
group has reported high alkene selectivity of activated Ni-Al
hydrotalcite (80%) in propyne and propadiene hydrogenation com-
pared with conventional Ni/Al,05 prepared by impregnation (30%)
[16]. This was attributed to the unique features of the catalyst im-
posed by the hydrotalcite precursor, including high metal loadings,
high metal interdispersion, and high surface area.

The hydrotalcite route for nickel [16] opens a way to improve
the performance of metals traditionally regarded as poor partial
hydrogenation catalysts. Copper is one of these metals. Early
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alkyne hydrogenation studies by Bond and Mann [17] using a batch
reactor reported low activity and high selectivity to oligomers of
unsupported or supported copper catalysts compared to iron, co-
balt, and nickel counterparts. Green oil formation caused rapid
deactivation. Supported copper catalysts were studied in the
1990s by Trimm, Cant, and coworkers [18-21]. Silica or magne-
sia-supported copper catalysts were 30 times more active than
unsupported copper and led to propene selectivity up to 80% at
550 K in propyne hydrogenation. Long-term tests were success-
fully conducted with an industrial raw feed containing 93% CsHe,
2% C3Hy, and 5% C3Hg using a ratio H,:C3Hy4 of 4 and temperatures
>433 K [18]. Below 433 K, green oil formation caused fast catalyst
deactivation. Later studies by Rodriguez et al. [22] also revealed
strong deactivation of a reduced Cu-Zn-Al catalyst in C;H; hydro-
genation at 448 K. These authors concluded the low interest of cop-
per compared to the reduced Ni-Zn-Al oxide.

Herein, we have studied the gas-phase hydrogenation of propy-
ne over unpromoted Cu-based catalysts derived from hydrotalcite
and malachite precursors as well as supported systems (Cu/SiO,
and Cu/Al,03). Detailed characterization, catalyst testing, and oper-
ando infrared spectroscopic studies show that a proper synthetic
route and activation conditions are essential to make it possible
for Cu-based catalysts to compete with Ni-based counterparts.
The hydrogenation performance correlates well with the copper
dispersion, which depends on the type of precursor or support
and the calcination and reduction temperatures. The distinct cata-
lytic behavior of activated Cu-Al and Ni-Al hydrotalcites in alkyne
hydrogenation was concluded from tests at different temperatures
and H,:C3H, ratios, as well as from analysis of oligomers at the
reactor outlet. Complementary, mechanitic differences between
copper and nickel were explained by Density Functional Theory
(DFT) simulations.

2. Experimental
2.1. Catalyst preparation and activation

Cu-Al hydrotalcite with a nominal Cu/Al molar ratio of 3 was
synthesized by continuous coprecipitation using the in-line depo-
sition precipitation (ILDP) method [23]. Aqueous solutions of
0.75 M Cu(NO3),-6H,0 and 0.25 M AI(NO3)3-9H,0 and the precipi-
tating agent (NaOH + Na,CO3, 1 M of each) were pumped into a
6 cm>-reactor attached to a high-shear homogenizer rotating at
13,500 rpm. The pH of the slurry was measured and controlled
by an in-line probe directly at the outlet of the precipitation cham-
ber. The coprecipitation was carried out at pH 9 with an average
residence time of 18 s. The slurry was aged at 313 K for 12 h under
mechanical stirring (500 rpm), followed by filtration, washing, and
drying at 353 K for 12 h. Malachite was also synthesized using the
ILDP method but excluding the aluminum salt from the cationic
solution. The alumina and silica-supported copper -catalysts
(15 wt% Cu) were prepared by incipient wetness impregnation of
y-Al,05 (Aldrich, type 507C, Sger=155m?g~!) and pyrogenic
SiO, (Riedel-de Haén, Cab-O-Sil® M5, Sger=200m?g™!), respec-
tively, with appropriate amounts of a Cu(NO)3-6H,0 aqueous solu-
tion, followed by drying at 373 K for 12 h. The as-synthesized
samples were calcined in static air at 873K or 1173 K for 15h
using a heating rate of 5K min . Prior to some characterization
studies and catalytic tests (Section 2.3), the calcined samples were
pretreated in He at 623 K for 30 min and heated or cooled in the
same gas to the desired reduction temperature (573 or 773 K),
which was done in a mixture of 5vol% H; in He during 30 min.
The ramp used in the above temperature programs was 5 K min~.
Along the manuscript, the sample notation makes reference to the
precursor or support, i.e. HT (hydrotalcite), MA (malachite), 1A

(impregnated alumina), and IS (impregnated silica). The sample
codes additionally incorporate the acronym ‘AS’ (as-synthesized)
or ‘Cx-Ry’, where ‘Cx’ stands for calcination at temperature x and
‘Ry’ stands for reduction at temperature y (in Kelvin).

2.2. Catalyst characterization

The chemical composition of the samples was determined by X-
ray fluorescence in a Philips PW 2400 spectrometer. Before analy-
sis, the solid was mixed with Li;B40; and Lil as tensoactive agent,
and the mixture was fused at 1423 K in a Perle’X-3 radiofrequency
furnace.

Ex situ X-ray diffraction of the as-synthesized and calcined sam-
ples was studied in a Bruker AXS D8 Advance diffractometer
equipped with a Cu tube, a Ge(1 1 1) incident beam monochroma-
tor (1 =0.1541 nm), and a Vantec-1 PSD. Data were recorded in the
range of 5-70° 260 with a step size of 0.02° and a counting time of
4 s per step.

In situ X-ray diffraction during reduction of the calcined sam-
ples was performed in a Bruker-AXS D5005 0-6 diffractometer
equipped with a Bruker-AXS MRI high-temperature chamber and
a diffracted beam graphite monochromator using Cu Ko radiation.
A thin layer of sample (ca. 30 mg) was mounted on the Ptgy—Rh;q
heater strip by placing a few droplets of a suspension of finely
ground sample in ethanol followed by drying under ambient con-
ditions. The sample was dried in N, at 473 K (30 min) and reduced
in a mixture of 5 vol% H; in N, at 573 K or 773 K (30 min) using a
total flow of 42 cm® STP min~'. The patterns were recorded at each
temperature after N, flushing for 10 min. The heating rate between
each temperature step was 5 K min~'. Data were collected at 10-
70° 20 with a step size of 0.02° and a counting time of 1 s per step.

Thermogravimetry was performed in a Mettler Toledo TGA/
SDTA851e microbalance. Analyses were performed in air
(50 cm®STP min~!), ramping the temperature from 298 to
1173 K at 5 Kmin~.

TEM was measured in a JEOL JEM-1011 microscope operated at
100 kV and equipped with a SIS Megaview III CCD camera. A few
droplets of the sample suspended in ethanol were placed on a car-
bon-coated copper grid, followed by evaporation at ambient
conditions.

N, isotherms at 77 K were measured in a Quantachrome Auto-
sorb 1-MP analyzer. Prior to analysis, the samples were degassed
in vacuum at 573 K for 12 h.

Temperature-programmed reduction with hydrogen (H,-TPR)
was measured in a Thermo TPDRO 1100 set-up equipped with a
thermal conductivity detector. The sample (ca. 10 mg) was loaded
in the quartz microreactor (11 mm i.d), pretreated in N,
(20 cm® STP min~!) at 573 K for 30 min, and cooled to 323 K in
the same atmosphere. The analysis was carried out in a mixture
of 5vol% H, in N, (20 cm® STP min~'), ramping the temperature
from 323 to 1173 K at 10 K min~ .

X-ray photoelectron spectroscopy (XPS) measurements were
obtained using a VG-Microtech Multilab 3000 spectrometer
equipped with Mg Ko (hv = 1253.6 eV) and Al Ko (hv = 1486.6 eV)
excitation sources, a nine-channeltron detection system, and a
hemispheric electron analyzer. The sample was outgassed over-
night at room temperature in a UHV chamber (<5 x 1078 Torr). In
some cases, before XPS measurements, the specimen was trans-
ferred to a high-pressure reaction cell (10~ Torr) attached to the
analysis chamber of the spectrometer and pretreated in H, at
573 or 773 K. Reduced samples were immediately transferred to
the analysis chamber. All binding energies were referenced to the
C 1s line at 284.6 eV, and the integrated intensities were corrected
by atomic sensitivity factors [24].

N,O pulse chemisorption was carried out in the same Thermo
TPDRO 1100 unit used for H,-TPR. The sample (ca.200 mg) was
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loaded in the microreactor, pretreated in N, (20 cm? STP min~ !,

573 K, 30 min), reduced in a mixture of 5vol% H, in N,
(42cm®STPmin~!, 573 or 773K, 30min), and flushed in He
(20 cm® STP min~!, 423 K, 30 min). Thereafter, 0.34 cm? of pure
N,O (loop volume) were successively pulsed over the catalyst
bed every 4 min at 423 K in He (20 cm® STP min~!). A cold trap
of liquid nitrogen was used to remove unreacted N,O from the out-
let stream, so that only N, produced by N,O decomposition was
detected by the thermal conductivity detector. The copper surface
area was calculated from the amount of N,O decomposed using an
atomic surface density of 1.46 x 10'® atoms m~2 [25].

2.3. Catalytic tests

The gas-phase hydrogenation of propyne was studied at ambi-
ent pressure in a MicroActivity Reference setup (PID Eng&Tech).
The catalyst (150 mg, sieve fraction 200-400 pm) was loaded in
the 12 mmi.d. quartz microreactor, heated in He at 573 K for
30 min, and prereduced in 5 vol% H, in He (42 cm® STP min~') as
described in Section 2.1. The catalysts were tested isothermally
at intervals of 50 K in the range of 423-523 K using a typical feed
mixture of C3H4:Hy:He=2.5:7.5:90 and a total flow of
42 cm® STP min~! (space velocity, SV=16,800cm®h~'g'). Each
temperature was hold for a period of 5 h. Two aspects regarding
the testing protocol were evaluated: (i) the influence of starting
from the highest to the lowest temperature or vice versa, and (ii)
the influence of using fresh catalyst at each individual temperature
or using the same load for the different temperatures. The effect of
the hydrogen-to-propyne ratio (H,:CsHy = 1-12) was also studied.
For this purpose, the inlet C3H4 concentration was kept at 2.5 vol%
and the H, concentration was decreased from 30 to 2.5 vol% by bal-
ancing the mixture with He in order to keep the total flow con-
stant. Propyne, propene, and propane were analyzed on-line by a
gas chromatograph (Agilent GC6890 N) equipped with a GS-GasPro
column and a thermal conductivity detector. The selectivity to pro-
pene (propane) was determined as the amount of propene (pro-
pane) formed divided by the amount of reacted propyne. The
fractional selectivity to oligomers was obtained as: S(oligo-
mers) =1 — S(alkene) — S(alkane). In particular tests, the gas at
the reactor outlet was collected and oligomers were identified
off-line by a gas chromatograph (Agilent GC6890 N) equipped with
a HP-5 column and coupled to a mass selective detector with elec-
tronic impact ionization source (Agilent 5973).

2.4. Operando FTIR spectroscopy

Fourier transform infrared spectroscopy was carried out in a
Nicolet 5700 spectrometer (Thermo Scientific) using a Spectratech
collector II diffuse reflectance (DRIFT) accessory equipped with a
high-temperature chamber, ZnSe windows, and a MCT detector.
The sample cell was filled with powdered catalyst and carefully
leveled off to reduce reflections off the sample surface and to en-
sure reproducible results. The experiments were carried out using
the standard conditions described in Section 2.3. Spectra were
automatically recorded every 120 s during 4 h using KBr (Aldrich,
IR spectroscopy grade) under reaction conditions using the spec-
trum of the activated catalyst before reaction as the background.
The range 650-4000 cm~! was covered by co-addition of 32 scans

at a nominal resolution of 4 cm™.

3. Computational details

Propyne hydrogenation on Cu and Ni was studied by means of
periodic Density Functional Theory (DFT) applied to slabs with
the VASP code [26]. The surfaces include clean Ni(111) and

Cu(111). The calculated cell parameters were 3.551 and 3.676 A,
in close agreement with those experimentally determined 3.524
and 3.615 A for Ni and Cu, respectively [27]. The (11 1) slabs con-
sisted of four atomic layers and a p(3 x 3) reconstruction for the
study of molecular adsorption and hydrogenation processes. In
addition, Cu(2 1 1) with a p(3 x 1) reconstruction and nine layers
was also employed to calculate molecular adsorption. In the case
of oligomerization, the unit cells were p(2 x 4) thus allowing to in-
clude two propyne molecules along the long axis. This represents
one of the multiple possibilities to study the process, since oligo-
merization can take place also from any partially hydrogenated
moiety. For the (1 1 1) surfaces, the two uppermost layers were al-
lowed to relax together with the adsorbates. The Monkhorst-Pack
[28] k-point meshes were 3 x 3 x 1 for p(3 x 3)and 5 x 3 x 1 for
p(2 x 4). The RPBE functional has been employed to obtain the en-
ergy [29], inner electrons have been replaced by PAW pseudopo-
tentials [30], and the monoelectronic valence states have been
expanded with plane waves with kinetic energies lower than
400 eV. For Ni-containing structures spin polarization was taken
into account. The barriers for hydrogenation steps, which follow
a Horiuti-Polanyi mechanism [31], and oligomerization were ob-
tained through the Climbing Image version of the Nudged Elastic
Band (CI-NEB) method [32].

Ab initio thermodynamics were employed to determine the for-
mation of hydrides that are known to have a crucial role in the
selectivity of the process [33]. The unit cell employed was a
p(2 x 2) and H atoms were initially place on all four fcc positions
of the lattice and similarly H atoms were introduced in deeper sur-
face layer following the procedure proposed by Greeley et al. [34].
In that case sampling was set to 5 x 5 x 1 k-points. The Gibbs en-
ergy was approximated as AG = Egapnn — Esap — (1/2)(Hy),
where Egpap+ny i the energy of the slab containing nH atoms, Egap
is the energy of the slab, and u(H;) is the chemical potential of
hydrogen [35].

Additional calculations were performed to analyze the solubil-
ity and segregation of aluminum in the copper and nickel oxides.
The corresponding descriptions are included as footnotes due to
their specific characteristics.

4. Results and discussion
4.1. Catalyst characterization

4.1.1. As-synthesized samples

Fig. 1a shows the X-ray diffraction patterns on the as-synthe-
sized samples. The material prepared by precipitation of Cu?* with
NaOH + Na,CO3; (MA-AS) shows characteristic reflections of mala-
chite. Coprecipitation of a cationic solution containing Cu®* and
AI3* (Cu/Al = 3) with the same precipitating agents led to HT-AS.
The Cu/Al ratio measured by XRF was 3.3. The sample exhibited
the pattern of the layered Cu-Al hydrotalcite as the main crystal-
line phase, with the characteristic basal (0 01) reflections at low
diffraction angles [36,37]. According to the card JCPDS 46-0099,
which closely matched our pattern (Fig. S1), this hydrotalcite has
monoclinic structure. The reflections at 44.5° and 48° 26 were
not collected in the original card but the latter have also been iden-
tified and assigned to the hydrotalcite phase by Segal et al. [37].
The ¢ parameter of the sample (0.7537 nm), corresponding to
the thickness of one brucite-like layer and one interlayer [36],
was determined from the (0 0 3) reflection at 11.7° 20. In agree-
ment with other works involving the synthesis of Cu-Al hydrotal-
cite [37-40], trace amounts of malachite were observed in HT-AS.
The presence of this secondary phase has been related to the Jahn-
Teller distortion of copper in octahedral coordination. We also con-
ducted the coprecipitation of copper and aluminum solutions at
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Fig. 1. XRD patterns of the as-synthesized Cu-Al hydrotalcite and malachite (a) and the products of calcination (b) and reduction (c). Crystalline phases: (@) hydrotalcite
(JCPDS 46-0099), (O) malachite (JCPDS 75-1163), () CuO (JCPDS 48-1548), (1) CuAl,04 (JCPDS 78-1605), and (4) Cu (JCPDS 86-1326). Reflections marked by the asterisk
belong to the Ptgg-Rh;( heater strip of the cell where the samples were mounted for in situ reduction.

Cu/Al ratios of 1 and 2. The latter two samples evidenced no sign of
hydrotalcite, i.e. malachite was the only crystalline phase detected
(Fig. S2). These samples were not considered for further character-
ization and catalytic tests. HT-AS and MA-AS are representative of
the hydrotalcite and malachite precursors, respectively. Transmis-
sion electron microscopy (Fig. 2) shows that MA-AS consisted of
spherical-like particles in the range of 30-60 nm, while the hydro-
talcite sample displays the characteristic platelets [41] with an
average length of 130 nm and a thickness of 20 nm. The particle
morphology of MA-AS was not identified in HT-AS, further sup-
porting the minor presence of the malachite phase in the hydrotal-
cite sample. The total BET surface area of MA-AS and HT-AS,
determined from N, adsorption, was 42 and 65m?g’,
respectively.

The thermogravimetric profiles of MA-AS and HT-AS in air are
shown in Fig. 3. Malachite decomposed in one step with simulta-
neous production of HO and CO,. The transition temperature
was 585 K (inset) and the total weight loss was 24%. In contrast,
HT-AS exhibited a three-step decomposition pattern with a total
weight loss of 32%. The first two steps are characteristic of hydro-
talcite-like compounds [36]. Step I (transition temperature = 400 K,
weight loss = 10%) corresponds to interlayer water removal. This
was followed by step II (weight loss 17%), comprising the removal
of interlayer carbonate and the dehydroxylation of the brucite-like
sheets. Step Il occurred in the broad temperature range of 400-
650 K, rendering no defined transition temperature in the deriva-
tive curve. Step III (transition temperature =845K, weight
loss =5%) has been particularly observed in copper-containing
hydrotalcites and corresponds to the decomposition of stable
residual carbonates [37-39]. Accordingly, total decomposition of
HT-AS requires 873 K, which was adopted as the standard calcina-
tion temperature of all catalyst precursors in this study. The
amount of the malachite phase in HT-AS estimated from thermo-
gravimetry was <10%.

4.1.2. Calcined samples

As shown in Fig. 1b, calcination of MA-AS and HT-AS at 873 K
led to CuO (tenorite), while both tenorite and CuAl,0,4 spinel coex-
isted in the hydrotalcite-derived oxide calcined at 1173 K. No
reflections associated with any crystalline form of alumina were
detected. The CuO reflections in the XRD patterns of HT-C873
and HT-C1173 were exactly at the same position as in pure copper
oxide, indicating that the Cu-Al oxide does not form a solid solu-
tion. In contrast, the NiO reflections in calcined Ni-Al hydrotalcite
were shifted to higher diffraction angles compared due to the sub-
stitution of AI’* in the nickel oxide lattice [16]. DFT calculations

[42] support this observation. The solubility of Al in the position
of Cu or Ni in their corresponding oxygen lattices (NiO or CuO) is
more energetically favored in NiO than in CuO by ca.1eV. The
CuO reflections in the XRD pattern of HT-C873 were much less in-
tense and broader than in MA-C873, indicating higher crystallinity
of the latter sample. The average crystallite size of CuO, deter-
mined from the (11 1) reflection at 38.7° 20, was 11 nm for HT-
C873 and 50 nm for MA-C873. Similarly, the intensity and sharp-
ness of the XRD reflections in the hydrotalcite calcined at 1173 K
were markedly larger when compared to calcination at 873 K.
The average crystallite sizes of CuO and CuAl,0,4 in HT-C1173 were
estimated at 52 and 35 nm, respectively. In line with XRD, TEM
confirmed the high degree of sintering of the malachite-derived
CuO as well as of the high-temperature calcined hydrotalcite (com-
pare MA-C873 and HT-C1173 with HT-C873 in Fig. 2). N, adsorp-
tion concluded that the total surface area of HT-C873
(Seer=71m2g™!)  drastically  decreased in  MA-C873
(Seer=4m? g~ 1) and HT-C1173 (Sger=15m? g '). The character-
ization results evidence the superior features of the hydrotalcite
route in attaining well-dispersed mixed oxides with high metal
loadings, particularly in the specimen calcined at 873 K. It should
be mentioned that the calcined hydrotalcites contained 65 wt%
Cu and 8 wt% Al while calcined malachite contained 80 wt% Cu.

4.1.3. Reduced samples

H,-TPR was used to investigate the reducibility of the copper
oxides derived from different precursors and calcination tempera-
tures (Fig. 4). The profile of HT-C873 shows a main peak of hydro-
gen consumption at 560 K attributed to the reduction of bulk CuO
[43] with a shoulder at 515 K due to the reduction of highly-dis-
persed CuO particles [44]. Both features were shifted to slightly
higher temperature in HT-C1173 probably due to the occurrence
of larger CuO crystals. Besides, the latter sample exhibited a shoul-
der at 600K and a broad low-intensity peak at 720 K. Dumas
et al. [43] assigned the feature at 600 K to the two-step reduction
of relatively large copper oxide particles: CuO — Cu,O (580K)
and Cu,0 — Cu (around 600 K). The hydrogen consumption at
720 K is attributed to copper reduction in CuAl,04 [43]. Peak inte-
gration enabled to estimate that the spinel comprises 10% of cop-
per in HT-C1173, the rest being tenorite. Attending to the
stoichiometry of the spinel and chemical composition analysis, it
can be concluded that ca. 75% of the total aluminum in the solid
took part in CuAl,O4, while the remaining 25% was in the form of
amorphous alumina. The main reduction peak of MA-C873 oc-
curred at 560K, i.e. very similar temperature to that in HT-C873.
In contrast, the malachite-derived CuO had no shoulder <525K
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Fig. 2. TEM micrographs of Cu-Al hydrotalcite and malachite and calcined products.

and displayed a shoulder around 600 K due to the presence of large
CuO particles. This agrees with XRD and TEM analyses. The very
similar reduction temperature of MA-C873 (pure CuO) and HT-
C873 (Cu-Al oxide) further confirmed that copper and aluminum
do not form a solid solution in the calcined hydrotalcite. In con-
trast, Ni%* reduction in calcined Ni-Al hydrotalcite (925 K) was
shifted to a much higher temperature than in pure nickel oxide
(675 K) [16]. The dissolution of aluminum in the nickel oxide lat-
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Fig. 3. TGA profiles of the as-synthesized Cu-Al hydrotalcite and malachite in air
and derivative of the weight loss (inset).
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Fig. 4. H,-TPR profiles of the oxides derived from calcination of Cu-Al hydrotalcite
and malachite and the supported copper catalysts.

tice, forming a NiAlO, solid solution, makes Ni%* more resistant
against reduction. The reduction of the spinel also occurred at a
much lower temperature for CuAl,04 (720K) than for NiAl,O4
(1050 K). The H,-TPR profiles of the supported CuO/Al,O3 (IM-
C873) and Cu0/SiO, (IS-C873) catalysts are also shown in Fig. 4.
Attending to previous results [43-45], the peak at 490 K in the alu-
mina-supported catalyst is assigned to the reduction of the highly-
dispersed oxidic copper species, which can include isolated copper
ions and small two- and three-dimensional clusters. The peak at
560 K was ascribed to the reduction of bulk-like CuO phases. When
silica was used as the support, only the latter feature was
evidenced.

H,-TPR and XRD were also carried out over in situ reduced sam-
ples mimicking the pretreatment prior to catalytic tests (5 vol% H;
in He, 573 or 773 K, 30 min). The samples prereduced under these
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conditions showed no hydrogen consumption due to full reduction
to metallic copper. In agreement, the diffraction patterns only re-
vealed reflections of metallic copper (Fig. 1¢). The average Cu crys-
tallite size, estimated by application of the Scherrer method in the
(111) reflection at 43° 20, moderately increased upon increasing
the reduction temperature: 15 nm in HT-C873-R573 and 20 nm
in HT-C873-R773. The total surface area of the reduced samples
was very similar to the values in the corresponding oxide precur-
sors (Table 1), also suggesting minor sintering upon reduction.

4.1.4. Surface composition and copper dispersion

X-ray photoelectron spectroscopy analyses of representative
hydrotalcite-derived samples were carried out in order to gain in-
sights into the chemical state of surface copper and the metal dis-
tribution within the catalyst particle (Fig. 5). The calcined
hydrotalcite HT-C873 showed photoelectron lines at 933.8 eV
(Cu 2ps3;2) and 76.2 eV (Cu 3psyy), characteristic of Cu®* ions in cop-
per(Il) oxide [46]. The broad line at 942.8 eV belongs to the shake-
up satellite of Cu®* [47]. The core level of Al 2p, represented by the
line around 74 eV, is typical of Al,03 [48]. This feature was essen-
tially constant irrespective of sample pretreatment. Calcination at
1173 K did not involve changes in the position of the copper-re-
lated lines. No line at 935 eV, characteristic of CuAl,04 [49], was
detected in HT-C1173. This suggests that the crystalline spinel
phase observed by X-ray diffraction was not at the catalyst surface.
As shown in Table 1, the Cu/Al ratio of HT-C873 and HT-C1173

Table 1
Characterization data of the Cu-Al hydrotalcite-derived catalysts.

Sample Phases? Sger” (m?g~")  Molar Cu/Al ratio (-)
Bulk® Surface?

HT-C873 CuO 71 33 0.32
HT-C873-R573 Cu 73 33 0.25
HT-C873-R773 Cu 68 33 0.19
HT-C1173 CuO + CuAl,04 15 33 0.18
HT-C1173-R773 Cu 17 33 0.12

@ X-ray diffraction.

> BET method.

¢ X-ray fluorescence.

d X-ray photoelectron spectroscopy.

(a) (b)

HT-C1173-R773
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Fig. 5. Cu2p (a), Cu3p (b), and Al 2p (b) core level spectra in the calcined and
reduced samples obtained from Cu-Al hydrotalcite.

determined by XPS (0.32 and 0.18, respectively) was much lower
than the bulk Cu/Al ratio of 3.3 determined by XRF. Consequently,
the surface of the oxide is enriched by aluminum, particularly at
higher calcination temperature. Bolt et al. [50] also reported the
notable penetration of copper ions into alpha and gamma alumina
at 773 K and particularly at 1173 K, rendering an Al-rich surface.
The segregation of copper in calcined Cu-Al hydrotalcite was sig-
nificantly more pronounced than that of nickel in calcined Ni-Al
hydrotalcite [16]. The XPS-determined Ni/Al ratio in Ni-Al hydro-
talcite calcined at 773 K was 1.4, while the Cu/Al ratio in Cu-Al
hydrotalcite calcined at 873 K was 0.32. The faster and deeper seg-
regation of copper with respect to nickel has been explained by the
fact that the diffusion into the bulk occurs through the formation of
the spinel form of the metal and copper spinel has a higher rate of
formation than the nickel spinel [50].

The XPS spectra of the reduced samples show the shift of the
Cu 2p3), core level from 933.8 to 932 eV and the shift of the
Cu 3ps), core level from 76.2 to 75 eV. The new lines are character-
istic of Cu® [51]. Further evidence of the copper reduction stems
from the disappearance of the shake-up satellite of Cu®*. The origin
of the satellite peak is considered to be the promotion of 3d elec-
trons to 4s and/or 4p levels or, alternatively, a charge transfer of
bonding electrons to unfilled 3d. This transfer cannot occur in
Cu* and Cu® because of their completely filled 3d shells. One can
argue that HT-C873-R773 still contains a minor fraction of surface
Cu?". This statement arises from the fact that: (i) the satellite is still
vaguely visible, and (ii) the position of the Cu 2p;,; and Cu 3ps),
core levels (932.7 and 75.6 eV, respectively) is intermediate be-
tween the values of CuO and Cu. However, no hydrogen consump-
tion was monitored in H,-TPR of HT-C873-R573. Reduction of
calcined Cu-Al hydrotalcites further decreased the surface Cu/Al
ratio (Table 1). The extreme case is HT-C1173-R773, containing
12 atoms of aluminum per each copper atom. This is in line with
the segregation energies calculated by DFT. The differential segre-
gation energy for Al cations in CuO and Cu resulted ca. —0.35 eV
more favorable in the metal [52]. The more pronounced surface
Al enrichment upon reduction was also observed with Ni-Al
hydrotalcite system [16].

The dissociative chemisorption of N,O was used to determine
the copper metal area (Sc,) in the reduced samples (Table 2). The
hydrotalcite-derived HT-C873-R573 sample exhibited the highest
value of exposed Cu area, with 10.5 m? per gram. An increase in
calcination or reduction temperature drastically decreases the cop-
per dispersion, which is due to the attainment of larger copper
crystals and the higher surface enrichment by aluminum. For
example, going from HT-C873-R573 to HT-C1173-R773 implies a
ten-fold decrease in Sc,. These samples are highly comparable,
since they come from the same precursor and therefore the bulk
copper content is exactly the same. As expected, the malachite-de-
rived sample renders a poorly dispersed catalyst, with 0.5 m? Cu
per gram. Regarding the supported copper catalysts, silica yielded
a higher exposed copper surface than alumina. In these two cata-
lysts, the same impregnation method for copper incorporation
and loading (15 wt%) were applied.

Table 2

Copper metal area in reduced catalysts determined by pulse N,O chemisorption.
Sample Scu (m*g™")
HT-C873-R573 10.5
HT-C873-R773 5.7
HT-C1173-R773 1.7
MA-C873-R773 0.5
IA-C873-R773 1.5
1S-C873-R773 2.6
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4.2. Hydrogenation performance

4.2.1. Testing protocol

A point to first consider regards the choice of the protocol to
evaluate the hydrogenation performance of copper-based cata-
lysts. Little attention has been devoted to this aspect, which might
be important to properly compare samples. Previous tests over Au/
CeO, [14] and activated Ni-Al hydrotalcites [16] were typically
conducted from the highest (573 K) to the lowest (373 K) temper-
ature at intervals of 50 K using a H,:C3H, ratio of 3 and the same
catalyst load. Following this procedure over a particular activated
Cu-based hydrotalcite (HT-C873-R773), it can be observed that
the propyne conversion was complete at 523 K and 473 K, while
deactivation was monitored at 423 K (Fig. 6a). Propene selectivity
decreased with temperature, from 75% at 523 K to ca. 30% at
423 K (Fig. 6b). Despite the gradual decrease in C3H4 conversion
at 423 K, the selectivity to C3Hg remained constant. Alternative
protocols involved: (i) the use of fresh catalyst at each tempera-
ture, and (ii) starting the test at the lowest temperature using
the same load. Experiments using a fresh catalyst load at each tem-
perature yielded very similar results compared to the use of the
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Fig. 6. Propyne conversion (a) and propene selectivity (b) vs. time during propyne
hydrogenation over different Cu-based catalysts. Conditions:
C3Hy:Hy:He = 2.5:7.5:90, T=423-523 K, SV=16,800cm>g ' h™!, and P=1 bar.

same catalyst load at the three temperatures (Fig. S3). Likewise,
the C3Hg selectivity vs. T in up- and down-temperature cycles
was practically identical (Fig. S4). Accordingly, the testing proce-
dure is not critical for the assessment of Cu-based catalysts in par-
tial hydrogenation. It should be stressed that in the above
experiments, oligomers were the only reaction product in addition
to propene, i.e. no propane was observed.

4.2.2. Comparison of copper-based catalysts

The hydrogenation performance of copper-based catalysts ob-
tained from different precursors, i.e. hydrotalcite, malachite, and
supported systems, calcined and reduced at equal conditions, is
compared in Fig. 6. Tests were run adopting our standard protocol,
i.e. from 523 to 423 K every 50 K. Clear differences in propyne con-
version and propene selectivity were observed. The hydrotalcite-
derived sample (HT-C873-R773) was the most active and selective
catalyst, followed by Cu/SiO, (IS-C873-R773). The malachite-de-
rived (MA-C873-R773) and Cu/Al,03 (IA-C873-R773) catalysts dis-
played much lower activity and alkene selectivity. The drop in C3H,
conversion at 473 or 423 K caused no change in C3Hg selectivity
during 5 h at each temperature. For all catalysts: (i) propene selec-
tivity decreased with the reduction in reaction temperature, and
(ii) the fully hydrogenated product (CsHg) was not formed. The
C3Hg selectivity dependence on temperature and product distribu-
tion (absence of alkane) agree with seminal work on supported
copper catalysts by Wehrli et al. [18,19]. These common features
are related to the poor hydrogenating ability of copper as a conse-
quence of the inefficient dissociation of H,. Mechanistic details are
elaborated in Section 4.3.

Previous studies have reported fast deactivation of Cu-based
catalysts in alkyne hydrogenation below 433 K, due to the build-
up of oligomeric material on the catalyst surface [18-21]. Accord-
ing to these authors, deactivation can be minimized by applying
elevated temperatures, increasing hydrogen partial pressures,
using basic or neutral supports such as SiO, or MgO, or increasing
the copper dispersion. In fact, our activated Cu-Al hydrotalcites
were remarkably stable at 473 K and 523 K, as confirmed in 40-h
tests (Fig. S5). Deactivation is problematic only at low-temperature
(<423 K), where the selectivity to oligomers is as high as 80-90%.
Insights into catalyst deactivation were obtained by operando
infrared spectroscopy. Fig. 7a shows the evolution of the CH
stretching region during propyne hydrogenation over HT-C873-
R773 at 473 K and 423 K, with intermediate N, flushing steps. At
both temperatures, the progressive growth of a carbonaceous layer
on the catalyst surface can be observed. The bands at 2960 and
2925 cm~! have been assigned to the asymmetric CH stretching
of CH; and CH, groups, respectively, and the band at 2870 cm™!
to the symmetric CH stretching of CHs group [53,54]. These peaks
were related to a straight chain hydrocarbon of high molecular
weight [20]. The main spectral difference between the two temper-
atures was the more prominent presence of bands at 3015 cm™!
and 3085 cm™! at 423 K. This can be seen more clearly in Fig. 7b,
where the spectra after 4 h of experiment at each temperature
starting from fresh sample are collected. These features, which
are assigned to alkene C-H stretching of CH, groups (-CH=CH)
[54], are regarded as crucial to explain the low-temperature deac-
tivation behavior. These deposits block active sites and are respon-
sible for the drop in catalytic activity. Ossipoff and Cant [20]
neither observed nor discussed the bands at 3015 and 3085 cm™!
during in situ infrared spectroscopic measurements over ion-ex-
changed copper on silica catalyst at 433 K (at which deactivation
was observed). The higher population of alkene-like compounds
on the surface at 423 K was also confirmed in the low-wavenum-
ber region (Fig. 7c). The spectra show to the typical C-H deforma-
tions bands in alkanes (1445 and 1375 cm™!) [54]. The bands at
1600-1650 cm™! due to C=C stretching are more intense at
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Fig. 7. (a) Operando DRIFTS in the CH stretching region during propyne hydrogenation over HT-C873-R773 at 473 K (1), followed by N; flushing at 473 K (2), again reaction at
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Other conditions were as in caption of Fig. 6.

423 K, as well as absorptions due to C-H vibrations in vinyl-type
(-CH=CH,): 1015-1030, 960, and 925 cm~!. As shown in Fig. 7a,
when the used catalysts were exposed to N for 2 h, the intensity
of the bands decreased to a significant degree due to desorption
of loosely bound species. However, other stable species remained
on the catalyst.

Off-line GC/MS analysis of the gas at the reactor outlet over HT-
C873-R773 mostly identified C6 and C9 aliphatic compounds with
single or conjugated double bonds when the reaction was con-
ducted at 473 K. At 423 K, the C6 and C9 compounds contain con-
jugated double bonds (-C=C-C=C-) and conjugated double and
triple bonds (-C=C-C=C-), while monoolefins were not clearly
detected. The more unsaturated character of oligomers at lower
temperature can be related to the faster deactivation of the copper
catalyst. It should be pointed out that the GC/MS analysis was not
conducted for quantitative purposes, rather to identify the type of
higher hydrocarbon produced in the reaction. Fig. S6 shows typical
chromatograms and some of the compounds related to the corre-
sponding masses.

The hydrotalcite-derived catalyst, being the most efficient one
from the comparison in Fig. 6, was further optimized by variation
of the activation conditions, i.e. the calcination and reduction tem-
peratures (Fig. 8). The activity and selectivity trends explained
above apply here too. The best catalyst was HT-C873-R573, show-
ing stable C3Hg selectivity slightly over 80%. In comparison with
other samples, this particular catalyst was highly resistant to deac-
tivation, as evidenced by the full degree of C3H,4 conversion at
423 K. Calcination and/or reduction of the Cu-Al hydrotalcite at
higher temperature, represented by HT-C1173-R773 and HT-
C873-R773, respectively, rendered less active and selective
catalysts.

Fig. 9 shows the correlation between the hydrogenation perfor-
mance at 473 K and the copper metal area of the reduced catalysts
determined by N,O pulse chemisorption. The reaction rate (open
symbols) increased abruptly with the copper dispersion and re-
mains constant at Sc, > 2 m? g~'. The C3Hg selectivity (solid sym-
bols) increased gradually with the exposed copper surface.
Obviously, the opposite trend is attained with the selectivity to
oligomers, as no propane was observed. Data points belonging to
the hydrotalcite-derived samples are highly comparable, since
they all come from the same precursor. The result in Fig. 9 agrees
previous conclusions by Trimm et al. [18,19], who concluded that
the copper dispersion was the key factor to design efficient Cu-
based catalysts for partial alkyne hydrogenation. In quantitative
terms, we have demonstrated that the hydrotalcite route maxi-
mizes the exposed copper surface area due to the high: (i) metal
loading, (ii) metal interdispersion, and (iii) specific surface area im-
posed by this layered precursor. The optimally activated hydrotal-
cite exceeds the performance of Cu/SiO,, which has been the
preferred supported system in earlier studies [19]. Despite being
the most efficient copper catalyst, activated Cu-Al hydrotalcites
have significant room for improvement. This is due to the surface
segregation of aluminum, which reduces the potential of increas-
ing the concentration of exposed copper. Therefore, our further
steps in designing more efficient copper catalysts will focus on
modifying the composition of the starting hydrotalcite, particularly
replacing AI** by other transition metal, in order to maximize the
amount of copper on the catalyst surface.

4.2.3. Copper vs. nickel
The hydrogenation performance of activated Cu-Al and Ni-Al
hydrotalcites has been compared with respect to temperature
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and hydrogen-to-propyne ratio. This enables a better understand-
ing of the behavior of both metals in alkyne hydrogenation and
opens the way for mechanistic studies using DFT. In the compari-
son, HT-C873-R773 was taken as the copper catalyst; the nickel
one, named ‘C773-R773’, was the best catalyst identified in [16].
The reader is referred to our previous publication for detailed char-
acterization of this sample. Although HT-C873-R573 was some-
what more efficient than HT-C873-R773, the conclusions of the
comparison are invariable as the studied dependences (T,
H,:C3Hy4 ratio) did not qualitatively change with the activation (cal-
cination and/or reduction) conditions.

The dependence of propyne conversion and selectivity to prod-
ucts on temperature (Fig. 10) reveal a number of distinct features
between both metals:

(i) Nickel requires an activation period of ca.5h at 523K, in
which the C3Hg selectivity progressively increases from 0%
to 75% (Fig. 10b) and the C3Hg selectivity experiences a con-
comitant decrease (Fig. 10c). Contrarily, copper shows no
activating period; the C3Hg selectivity is practically constant
at 75% since the beginning of the experiment. The build-up
of carbon-containing species in the Ni catalyst (sub-)surface
is responsible for the remarkable increase in C3Hg selectivity
in early stages of the reaction [16]. Palladium experiences
the same activation [2]. Teschner et al. [11] have shown that
dissolution of carbon (derived from fragmentation of alkyne
molecules) in interstitial sites of Pd generates metastable
subsurface palladium carbides that turn hydrogenation
more selective. For Pd and Ni, the population of (sub-)sur-
face sites, i.e. carbide and hydride formation, governs the
hydrogenation steps on the surface, which is not the case
for Cu.

(ii) Propene selectivity strongly decreases with a decrease in
temperature over copper. In contrast, the S(CsHg) over nickel
is much less sensitive to temperature changes (Fig. 10b).

(iii) No propane was observed on copper, while the S(C3Hg) over
nickel amounts to 10-20% (Fig. 10c).

(iv) Oligomerization is way more extensive on copper than on
nickel. At low-temperatures, the selectivity to oligomers
amounted to ca.80% on Cu, while Ni shows ca.15%
(Fig. 10d).

(v) As seen by the degree of propyne conversion in Fig. 10a, Cu
was more active than Ni at 523 and 473 K. At 423 K, the cop-
per catalyst deactivates due to extensive oligomerization.

(vi) The nature of the oligomers over Cu and Ni at 473 K is mark-
edly different. Copper mainly formed aliphatic C6 and C9
compounds with single or conjugated double bonds. Nickel
formed C4-C8 in addition to C6 and C9, the molecules con-
tain more hydrogen, and aromatic compounds also appeared
(Fig. S6). The more complex oligomer composition over
nickel reveals the activity of nickel steps to crack C-C bonds
[55] and the high potential for hydrogenation.

The effect of the feed hydrogen-to-propyne ratio on the alkyne
conversion and the selectivity to products is plotted in Fig. 11. Data
points of activated Ni-Al hydrotalcite were gathered at 523 K [16],
while 473 K was selected for the activated Cu-Al hydrotalcite. The
product distribution over Cu is not strongly affected by the inlet
partial H, pressure. The selectivity to propene at very low
H,:C3H4 ratios (1) is relatively low (30%) in favor of a higher selec-
tivity to oligomers (70%). In the other extreme, i.e. at very high
H,:C3Hy ratios (12), the selectivity to propene was 35% at the ex-
pense of propane. However, it is remarkable that even with this
hydrogen excess, the selectivity to the alkane is just 10%. In the
broad range of H,:C3H,4 ratios from 2 to 10, the S(C3Hg) is within
the narrow range of 45-50%, the S(oligomers) is within 50-55%,
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Fig. 10. Comparison of copper (®) and nickel (O) catalysts derived from hydrotalcite precursors for propyne hydrogenation. The Cu catalyst was HT-C873-R773 and the Ni
catalyst was reported elsewhere with code C773-R773 [16]. Conditions were as in caption of Fig. 6.
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and the S(C3Hg) is virtually zero. Propyne conversion was practi-
cally complete at any ratio. A different picture arises over nickel,
which is markedly more dependent on the partial H, pressure in
the feed. First of all, the propyne conversion was much lower than
on copper at H,:CsHy = 3. The dependence of S(CsHg) on the
H,:C3Hy ratio presents a steep volcano plot, with an optimal value
of ca. 70% at H,:C3H4 = 3 and values as low as 10% at H,:C3H4 of 1
and 5. This can be explained attending to the production of green
oil and the fully hydrogenated alkane. The selectivity to oligomers
is > 70% at Hp:C3H4 < 3, while the selectivity to propane steeply in-
creases at Hy:C3H, > 3. The almost no dependence of the CsHg on
the partial H, pressure over copper is advantageous for practical

purposes, as it enables easier operation when the alkyne concen-
tration in the feed changes due to the operation of the steam crack-
er (different raw material). However, in the case of nickel, a very
precise control of the feed H,:CsH ratio is required to obtain high
propene selectivity.

4.3. Density Functional Theory

Several of the above observations, in particular the comparison
between Cu and Ni catalysts in alkyne hydrogenation, can be ratio-
nalized by means of DFT simulations. We have analyzed the indi-
vidual adsorption of CsH, and C3Hg, the dissociation of H,, and
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the propyne hydrogenation pathway on Cu(11 1) and Ni(111).In
addition, the eventual formation of carbide and hydride phases on
the (sub-)surface of these metals under reaction conditions and
possible routes for oligomerization were also investigated.

4.3.1. Adsorption of C3H4 and CsHg

Propyne is adsorbed very weakly on Cu(111), BE=-0.17 eV.
This value is 0.5 eV smaller than previous computational estimates
based on the PW91, although similar reduction of the binding
energies of double and triple bonds on the metal surfaces have
been found when improving the GGA description of the energy
[9,56]. This is due to a complex balance between the bonding to
the surface and the activation of the double (triple) bonds in the or-
ganic molecules [57]. On the most stable position, the C=C bond is
in contact with a bridge site and the carbon atoms in the -yne moi-
ety are placed over fcc and hcp sites. In contrast, propene is endo-
thermically adsorbed on Cu(1 1 1). On stepped Cu(2 1 1), propyne
is exothermically adsorbed by BE = —0.36 eV, while no adsorption
is found for propene. This result resembles what happens on Au
nanoparticles [14] (C=C adsorbs while C=C does not), and is the
origin of the high thermodynamic selectivity of copper catalysts
in partial alkyne hydrogenation. The beneficial role of copper dis-
persion is also clear from these calculations, since low-coordinated
sites (steps) exhibit a higher thermodynamic factor. The thermody-
namic factor can be defined as the difference between the binding
energy of the triple bond and the double bond. On Ni(11 1), we
have the fcc-hcp site and the binding energy of propyne is
—1.51eV and the C=C bond sits on an fcc site, similar to
Pd(1 1 1) [9]. The C=C bond of propene is thermoneutrally bonded
to the bridge Ni due to the Pauli repulsion between the surface and
the methyl group.

4.3.2. H, dissociation

Dissociation of molecular hydrogen on Cu(1 1 1) is marginally
endothermic (0.16eV) and is hindered by a large barrier of
0.83 eV. This is similar to what happens on Au nanoparticles [14]
and is opposite to the barrier-free process on Pd(11 1) [58]. The
poor activation of H, on Cu can be understood by the low position
of the d-band with respect to the Fermi level and its high degree of
filling [59]. In contrast, for very small and fluxional Cu clusters,
exothermic reaction energies have been obtained [60]. Therefore
H, activation on copper shows marked structure sensitivity. On
Ni(1 1 1) dissociation is exothermic by —0.75 eV per H, molecule,
in agreement with previous calculations [60]. The barrier for disso-
ciation is 0.17 eV with respect to the gas phase, i.e. very low in
comparison with that on copper.

4.3.3. Hydride and carbide formation

It is well known that application of high H, pressures over Ni
and Pd lead to the formation of hydride phases [61,62]. These hy-
drides are highly active for alkyne hydrogenation but they are
poorly selective to the alkene and mainly lead to over-hydrogena-
tion [2,11,33,63]. The binding energy per H atom for both Cu(1 1 1)
and Ni(1 1 1) slabs was calculated in order to understand the state
of the metal surface when the hydrogen coverage gradually in-
creases up to 3 ML (Fig. 12). The interaction energy for hydrogen
adsorption is always more exothermic on Ni than on Cu. With
the data above, the ab initio thermodynamics at 523 K for both
metals has been generated (Fig. S7). While on Ni the formation of
the subsurface layer takes place at p(H,) <1 bar, this is not ob-
served for Cu. Only under very high hydrogen pressures the hy-
dride phase is observed for Cu. This explains why for Ni
unselective hydride structures appear at very low hydrogen-to-
alkyne ratios while, Cu is more resistant to the formation of
hydride layer (See Fig. 12).
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Fig. 12. Average binding energies of hydrogen atoms on Cu(11 1) and Ni(11 1) vs.
the coverage.

Yet a final consideration regards the formation of carbide
phases in these two materials. Insertion of C from the Ni(1 1 1) sur-
face to the subsurface position is very exothermic (—1.5 eV), while
is endothermic for Cu(111) (0.5eV). This shows the relative
inability of Cu to form carbide phases. Carbide phases are found
to act positively in selectivity in Pd systems [11,33]. From our re-
sults a similar behavior is expected for Ni.

4.3.4. C3H4 hydrogenation

The energy profiles during sequential hydrogenation of propyne
to propene over copper and nickel are shown in Fig. 13, involving
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Fig. 13. Reaction energy profile for the hydrogenation of propyne to propene on
Cu(111) and Ni(11 1). The schemes of the initial, transition state, and final steps
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the successive addition of atomic hydrogen to the substrate. The
high barrier for H, dissociation on Cu(1 1 1) (0.83 eV) in compari-
son with Ni(1 1 1) (0.17 eV) can be readily observed. The hydroge-
nation of CsHy to C3Hg on Cu(111) takes place through the
activation of neighboring H atoms from fcc sites on the surface that
are incorporated to the organic moiety. The first hydrogenation is
weakly exothermic, by —0.22 eV and shows a very small barrier
(0.41 eV). The second hydrogenation step is more exothermic
(-1.51 eV) and shows an energy barrier of 0.45 eV. Once propene
is formed it readily leaves the surface and therefore no further
hydrogenation takes place. This is known as thermodynamic con-
trol and has been reported to be responsible for selectivity in Au
nanoparticles [14], CO-poisoned Pd surfaces [9], and non-precious
metal alloys [15].

On Ni(11 1), C3H4 adsorption is quite strong (—1.52 eV). The
first hydrogen insertion from the clean surface is endothermic
by 0.82 eV. At the transition state, the hydrogen atom is acti-
vated towards the top Ni center. The TS is over reactants by
0.89 eV. The second hydrogenation can take place in the terminal
or the secondary carbons. For Ni the reaction on the secondary
carbon to form propene is exothermic by 0.23 eV. Again the H
atoms are activated over an on-top position and the barrier is
0.59 eV. As demonstrated in Fig. 12, Ni is more prone to generate
subsurface H atoms. If the reaction takes place from the NiH, hy-
dride the atoms from the subsurface region present a chemical
potential which is about 0.62 eV higher than those of surface,
therefore these H atoms can attack either the primary or the
secondary C atoms through much lower barriers leading to unse-
lective hydrogenation processes.

4.3.5. Oligomerization

As a side product, carbon chains are formed both Cu and Ni.
Based on the analysis of oligomers at the reactor outlet (Fig. S6),
it can be inferred that the nature of green oil differs in the two met-
als and it depends on the experimental conditions for copper, but it
is difficult to analyze experimentally due to the complex mixture
produced. In order to shed light on oligomer formation, we have
calculated the reaction path leading to C-C coupling of two differ-
ent propyne molecules on the surface in a head-to-tail configura-
tion (Fig. S8). For this we have employed a slightly different
supercell p(2 x 4) reconstruction in which two propyne molecules
have been placed along the long axis separated by at least 4 A along
this direction. These calculations do not account for all the possi-
bilities for C-C coupling, since carbon-carbon bond formation
can also take place from partially hydrogenated moieties. However,
this is the simplest way to evaluate the ability of the surface in the
formation of these bonds. On Cu(111) the polymerization is
slightly endothermic by 0.28 eV, while it is endothermic by
0.83 eV on Ni. Consequently, the barrier for C-C coupling in a
head-to-tail conformation is 1.01 eV on Cu while the value for
Ni(1 1 1) is 1.49 eV. Thus, as experimentally observed, Cu surfaces
are more prone to produce oligomers than Ni. This conclusion
arises from both energetic and coverage effects since barriers are
lower for oligomerization on Cu but also H coverage is smaller than
in Ni, thus reducing the rate for hydrogenations.

However, on Cu for very dense propyne systems (two molecules
in a p(2 x 2) reconstruction) the barrier for C-C coupling can be re-
duced to 0.4 eV, thus in agreement with the formation of benzene
at 120 K described by Middleton and Lambert [64] that observed
the formation of Cg in TPD experiments at very lowtemperatures
starting by an extremely compact organic surface layer. Finally,
the ensemble needed for polymerization is larger than that of
hydrogenation thus indicating why the propene selectivity is high-
er upon in well-dispersed Cu nanoparticles and after partial coking
of the surface.

4.4. Comparison between experiments and DFT results

Different experimental observations can be correlated to the
DFT results:

- For Cu-containing systems, the reaction rate is found to depend
on the H; pressure with a reaction order of 1, while a value close
to 0 is reported for the alkyne [21]. From the calculations, the
larger barrier in Cu(1 1 1) is that of H, dissociation, thus this is
the rate-determining step.

- Fortuitously the barriers for both rate-determining steps, H, dis-
sociation on Cu(11 1) and first hydrogenation of propyne on
Ni(1 1 1) show very similar reaction barriers. Thus the measured
apparent barriers should be rather close in both systems
explaining why the same temperature window can be employed
in the reaction.

- Coming back to the results in Fig. 11, Ni(1 1 1) shows a sharp
dependence on the H, pressure, while an almost constant
behavior is found for Cu(11 1). At low H,: alkyne ratios, the
reaction is under stoichiometric conditions. At ratios > 1, the
Ni(1 1 1) system tends to form hydrides, which cause a severe
drop of the alkene selectivity. This can only be partially miti-
gated by the formation of the carbide, that effectively increases
the selectivity window of Ni(111). For Cu the formation of the
hydride is difficult and thus selectivity to propene is less depen-
dent on the hydrogen-to-alkyne ratio.

- A final point regards the dependence of selectivity to propene
with the temperature. For Ni, the C3Hg selectivity is quite inde-
pendent of temperature. This is due to the preferential hydroge-
nation route and to the fact that H, splitting is not the rate-
determining step. Once the more selective carbide phase is
formed, its equilibrium with the hydride is the main controller
of the alkene-alkane selectivity. In contrast for Cu a large depen-
dence on temperature was found. This is because the leading
reaction competition is between the formation of the alkene or
the oligomer. Thus alkyne residence time on the surface and H
coverages (which strongly depend on the temperature) are the
two key factors affecting selectivity.

- The nature of oligomers on nickel and copper is substantially
different. Oligomers on nickel are more complex, including
short, long, as well as aromatic fractions, and contain carbon
structures that are not divisible by three. The differences in
the oligomeric compounds are due to the different C-C coupling
barriers, but also to the ability of the metal to hydrogenate or to
fragment C-C bonds at the steps.

5. Conclusions

Copper-based catalysts obtained by activation the Cu-Al hydro-
talcite precursor proved highly active, selective, and stable in par-
tial propyne hydrogenation. The hydrotalcite route confers
beneficial properties to the final catalysts (high metal loading
and exposed surface area), exceeding the performance of sup-
ported copper catalysts. Proper selection of the calcination temper-
ature of the hydrotalcite precursor and reduction of the derived
mixed oxide is decisive for the catalytic behavior, determining
important properties in particular the copper dispersion. The best
catalyst, calcined at 873 K and reduced at 573 K, displayed CsHg
selectivity slightly above 80% at full CsH4 conversion. The best acti-
vated Ni-Al hydrotalcite-derived in our previous work [16] led to
similar propene selectivity under optimal conditions. However,
the competing mechanisms are completely different. Propane
was hardly observed over Cu catalysts (minimal production at
H,:C3Hy ratios >10, the other products being oligomer species),



92 B. Bridier et al./Journal of Catalysis 269 (2010) 80-92

while Ni produces substantial amounts propane at high partial H,
pressures. Density Functional Theory provided further insight on
the hydrogenation of propyne to propene on Cu and Ni. Bonding
to the Cu surface is small for both reactants and the barriers for
hydrogenation are also relatively small. After sequential hydroge-
nation the product CsHg is not bonded to the surface. As for Au
nanoparticles, the thermodynamic control is found. Moreover,
the formation of subsurface hydride species on Cu is highly unli-
kely. For Ni, propyne is strongly adsorbed on the surface and hy-
dride formation is important at relatively low H, pressures. The
unselective hydride layer induces over-hydrogenation. Finally,
oligomerization is another competing process that has mostly been
neglected. We show how at low hydrogen pressures oligomeriza-
tion might be the dominant process and it is easier for the systems
with a smaller C affinity, i.e. Cu. Therefore in order to obtain selec-
tivity for the hydrogenation of propyne in propyne-propene mix-
tures three processes need to be inhibited: adsorption of the
desired product, formation of the metal hydride, and
oligomerization.
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