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Supported gold-nickel nhano-alloy as a highly
efficient catalyst in levulinic acid hydrogenation
with formic acid as an internal hydrogen sourcef

Agnieszka M. Ruppert, ©*? Marcin Jedrzejczyk,® Natalia Potrzebowska,?
Kamila Kazmierczak,? Magdalena Brzezinska,® Olga Sneka-Ptatek,?
Philippe Sautet,?®® Nicolas Keller,¢ Carine Michel @ *P and Jacek Grams?

Gamma-valerolactone (GVL) is one of the key products of future biorefineries. We show here for the first
time the superior activity of Ni-based, Au doped catalysts in levulinic acid hydrogenation towards GVL
using formic acid as a hydrogen source. Their performances are strongly influenced by the preparation
method, and the highest GVL yield is achieved for bimetallic Au-Ni catalysts prepared via co-impregnation
of both metallic salts with a reductive thermal treatment under hydrogen. The very high catalytic activity is
explained by the use of DFT calculations and the extensive characterization of the catalyst surface and bulk
properties. We highlight the pivotal role played by the incorporated isolated metallic Ni atoms within Au
nanoparticles. The nano-alloy composition is determined. It allows establishment of a surface model of
such an alloy, thanks to which the high activity can be explained by the presence of an optimum energetic
span of FA adsorption. The existence of strong interaction between Au and Ni in a surface alloy, Au-Ni, fa-
vors selective and fast decomposition of formic acid into hydrogen that consequently facilitates strongly
the combined hydrogenation process.

Introduction

In future biorefinery schemes, the crucial processes will be
based on integrated biomass transformations towards high
added value molecules with applications mainly for the trans-

“ Institute of General and Ecological Chemistry, Faculty of Chemistry, £0d%
University of Technology, ul. Zeromskiego 116, 90-924 £6d%, Poland.

E-mail: agnieszka.ruppert@p.lodz.pl; Fax: +48426313128; Tel: +48426313106

b Univ Lyon, Ens de Lyon, CNRS UMR 5182, Laboratoire de Chimie, Université
Claude Bernard Lyon 1, F69342, Lyon, France. E-mail: carine.michel@ens-lyon.fr;
Fax: +33472728080; Tel: +33472728847

¢Institut de Chimie et Procédés pour I'Energie, I'Environnement et la Santé,
ICPEES, CNRS, University of Strasbourg, 25 rue Becquerel, 67087, Strasbourg,
France

 Department of Chemical and Biomolecular Engineering, University of California,
Los Angeles (UCLA), Los Angeles, CA 90095, USA

¢ Department of Chemistry and Biochemistry, University of California, Los Angeles
(UCLA), Los Angeles, CA 90095, USA

t Electronic supplementary information (ESI) available: Description of the prepa-
ration method of monometallic catalysts; details of characterization techniques;
Fig. S1 shows the energy profiles for the formic acid decomposition through the
carboxylate pathway on Au(111), Ni(111) and Au-Ni(111); Fig. S2 and S3 repre-
sent the computed structures of the intermediates and transition states on Au-
Ni(111); Fig. S4 represents the computed Gibbs energy profiles for Au, Ni and
Au-Ni surfaces with HCOOH dehydration via COOH; Fig. S5 shows the XPS spec-
tra of the Au-Ni catalyst; Table S1 shows the activity of selected catalysts in FALA
with gas phase selectivity; Table S2 shows the activity of the Au-Ni catalyst in re-
use FALA tests; Table S3 shows ToF-SIMS analysis results of the catalyst surface.
See DOI: 10.1039/c8cy00462e

4318 | Catal Sci. Technol., 2018, 8, 4318-4331

portation sector. Gamma-valerolactone (GVL) and its down-
stream products such as 2-methyltetrahydrofuran (2-MTHF) or
even valeric acid are typical examples of such high value mol-
ecules. GVL, besides being considered as a biofuel additive
thanks to its low volatility, minimum toxicity and good
stability," has a lot of potential applications since it can be
used as a solvent or for the synthesis of many molecules such
as e.g. polymers with high thermal stability."*

GVL can be obtained through the catalytic hydrogenation
of levulinic acid (LA). This reaction has been extensively stud-
ied with a focus on the catalyst used and on the hydrogena-
tion conditions such as the reaction temperature, the solvent
nature or the hydrogen pressure.*”” In most of those studies,
an external source of hydrogen was used. A step forward in
the integration of this transformation into a biorefinery in-
volves the use of formic acid (FA) as an internal source of

levulinic amd (LA)

o} y-valerolactone
GVL

cellulose L
OH

formic acid (FA) Co.

Scheme 1 Hydrolytic hydrogenation of cellulose to y-valerolactone
with formic acid as an internal hydrogen source.

This journal is © The Royal Society of Chemistry 2018
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hydrogen. Indeed, FA is formed in the hydrolysis of cellulose
in an equimolar amount with LA, thus it is considered as a
sustainable source of hydrogen (Scheme 1).®

The strategy of using an internal hydrogen from a reaction
solvent or by-product (like formic acid) is very appealing but
also challenging, since it requires efficient catalysis of both
the dehydrogenation of FA and the hydrogenation of LA into
GVL in one pot. This reaction is named hereafter the FALA
reaction. It is well known that the conversion of LA into GVL
under a pressure of external hydrogen can be catalyzed by
supported Ru catalysts with high rates at temperatures lower
than 100 °C.° However, these catalysts are not selective to-
wards FA decomposition, so that they cannot be applied eas-
ily in the combined process."® Another difficulty is associated
with the formation of side products, which potentially can
block the other reactions. Typically, the FA decomposition
may also yield CO through FA dehydration, which may
strongly poison the catalyst.'" Deng et al. showed that
supported Ru catalysts get poisoned by formic acid or for-
mate in a concentration higher than 10 mmol L™."?

Additionally, the use of non-noble metals as more stable
and abundant catalysts appears to be an attractive sustain-
able solution. Yuan et al. proposed earth-abundant Cu-based
catalysts able to efficiently convert an equimolar FA: LA aque-
ous mixture into GVL."® Based on the optimal conditions of
the two separate reactions, they obtained a 100% selectivity
to GVL at 180 °C but with a low LA conversion. Although this
drawback was overcome by increasing the temperature to 200
°C, the catalytic hydrogenation of LA with FA as an internal
hydrogen source remained however less efficient than that
performed under external hydrogen pressure. In addition, a
high loading of Cu (20 wt%) was required to reach this high
activity. Also, Ni catalysts on various supports were tested in
the FALA reaction in a continuous process at atmospheric
pressure with increasing FA:LA ratio for improving the LA
conversion.'*'> However, those studies required, like the pre-
vious ones, the use of a high metal loading and an even
higher reaction temperature (250 °C).

To further optimize the FALA reaction, the versatility of
the supported bimetallic catalysts is a clear advantage as
their properties could be tuned to a large extent. Both reactiv-
ity and adsorption properties of bimetallic particles are dif-
ferent than those of each metal considered separately.

As far as the use of bimetallic catalysts for the FALA reac-
tion is concerned, except for the use of highly loaded Ni-Cu-
S$i0, nanocomposites in the vapor phase,'® mainly bimetallic
Ag-Ni catalysts were applied in the water phase.'” Both high
Ni loading (20%) and high reaction temperature (220 °C)
were however required to obtain full LA conversion.

The desired catalyst should therefore possess the selective
sites for converting FA to hydrogen and should be active for
the subsequent hydrogenation process and at the same time
resistant to impurities.

Here, we propose to apply Ni-based materials doped with
a small amount of Au as highly efficient catalysts for the
FALA reaction. It was reported that the activity of gold-based

This journal is © The Royal Society of Chemistry 2018
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catalysts is strongly influenced by the preparation method.
Indeed, on the one hand, the low activity of monometallic
gold catalysts in levulinic acid hydrogenation with an external
hydrogen source was reported,'®'® while Luo et al. demon-
strated that random nano-alloying of gold is a key approach
for strongly improving its catalytic activity on a titania sup-
port compared to the monometallic counterparts.*® On the
other hand, Du et al. proposed a Au/ZrO, catalyst able to effi-
ciently perform the FALA reaction at 180 °C, thanks to its
ability to perform a fast and selective FA decomposition into
CO, and H,.*°

Theoretical calculations for the hydrogenation of acetylene
also confirmed that Au-Ni systems could be very active for
hydrogenation reactions due to the reduction of the adsorp-
tion energy for acetylene.*" The group of Norskov confirmed
by theoretical investigations that these two metals are immis-
cible in the bulk but also showed that the formation of a 2D
surface alloy was possible, in which gold is alloyed in the sur-
face outermost layers of Ni(111). Au does not dissolve in the
Ni bulk; therefore only a small amount of Au is necessary for
Au-Ni formation.*

When it comes to formic acid decomposition so far there
is also one proof of principle where the superior activity of
Au-Ni was noted.”” In this work, the efficiency of electro-
oxidation of formic acid was investigated on the Au-Ni alloy
prepared by melting Au and Ni and was compared to pure
gold. The high activity of this bimetallic system was attrib-
uted to Au-Ni alloy formation. This nice proof of principle
stays however very far from our research where not only a dif-
ferent catalytic system is used (supported vs. bulk) but also
another reaction (FALA vs. FA electrooxidation) with different
reaction conditions is considered. The potential high activity
of the Au-Ni alloy for FA decomposition is also predicted
based on the volcano plot established by Yoo et al. using a
combination of periodic density functional theory (DFT) cal-
culation and microkinetics measurement.**

Here, we show for the first time the application of bi-
metallic Ni-based catalysts doped with a small amount of Au
for the hydrogenation of LA with FA as an internal hydrogen
source. We demonstrate the high activity of these catalysts in
GVL production in comparison with some existing ones in
the literature.”>*>® The influence of different synthesis ap-
proaches on the catalytic behavior of the bimetallic and
monometallic systems in the FALA transfer hydrogenation
and in the separate LA hydrogenation reaction has been
explained by extensive characterization of the catalysts and
DFT calculations applied to FA decomposition. They provided
key insights into the high activity shown by the Au-Ni bime-
tallic systems in the FALA reaction compared to that of their
mono-metallic counterparts, by highlighting the pivotal role
played by isolated metallic Ni atoms within Au nanoparticles
in feeding the LA hydrogenation catalysts with hydrogen. The
use of the internal source of hydrogen is a more sustainable
solution and therefore new stable catalysts are highly
demanded. This work can shed the light on other hydrogena-
tion reactions which use an external hydrogen source. The

Catal. Sci. Technol., 2018, 8, 4318-4331 | 4319
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findings could also broaden the possibility of applying the
Au-Ni catalyst to other hydrogenation processes.

Experimental

1-ALO; (Fluka, 136 m> g™') and TiO, (Aeroxide P25, 50
m?® g™') were used as delivered.

Bimetallic catalyst synthesis

The Au-Ni bimetallic catalysts supported on y-Al,O; were pre-
pared with a total metal content of 5 wt% and an Au:Ni wt
ratio of 1:4, using aqueous solutions of Ni(NOs);-6H,0 and
HAuCl,-4H,0 with a concentration of 8420 mg L™ and 4599
mg L, respectively.

The subsequent impregnation (SI) method. The y-Al,O;
support was impregnated first with the aqueous nickel ni-
trate solution, and further dried at 120 °C for 2 h after com-
plete evaporation of the solvent. The resulting powder was
then calcined in air at 500 °C for 5 h (heating rate of 5 °C
min ') and further impregnated with the chloroauric acid so-
lution. After solvent evaporation, the sample was dried for 2
h at 120 °C and then calcined at 300 °C for 4 h in air flow (20
mL min ") with a heating rate of 10 °C min*, and further re-
duced in hydrogen flow (60 mL min™") at 300 °C for 1 h with
a heating rate of 2 °C min". This sample is labelled as Au-
Ni(SI)/V'AIZO;),(C).

An analogous sample denoted as Au-Nigp/y-Al,O3 was also
prepared by direct reduction of the dried sample under hy-
drogen flow at 300 °C for 1 h with a heating rate of 2 °C
min~, with no intermediate oxidation step.

The deposition-precipitation (DP) method. The y-Al,O;
support was impregnated under reflux at 80 °C with a mix-
ture of both metal precursor solutions supplemented with
dropwise addition of urea as a precipitating agent to achieve
a urea concentration of 0.42 mol L', Afterwards the suspen-
sion was cooled down to room temperature and vacuum fil-
tered, and the catalyst powder was dried at 120 °C for 2 h.
The catalyst was then calcined at 300 °C for 4 h in air flow
(20 mL min™") with a heating rate of 10 °C min™", and further
reduced in hydrogen flow (60 mL min™) at 300 °C for 1 h
with a heating rate of 2 °C min™". This sample is labeled as
Au—Ni(Dp)/y-A1203(C).

An analogous sample denoted as Au-Nipp)/y-Al,O; was
also prepared by direct reduction of the dried sample under
hydrogen flow at 300 °C, with no intermediate oxidation step.

The co-impregnation (CI) method. After addition of
y-Al,O3 to 250 mL of aqueous solution of the metal precur-
sors, the resulting suspension was sonicated first for 3 h at
room temperature (at 35 kHz, 320 W) and further at 80 °C for
7 h till complete evaporation of the solvent, before the
obtained powder was dried at 120 °C for 2 h. The catalyst
was then calcined at 300 °C for 4 h in air flow (20 mL min™")
with a heating rate of 10 °C min, and further reduced in hy-
drogen flow (60 mL min~") at 300 °C for 1 h with a heating
rate of 2 °C min'. This sample is labeled as Au-Nicp/y-
ALO; ().

4320 | Catal. Sci. Technol., 2018, 8, 4318-4331
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An analogous sample denoted as Au-Nicy/y-Al,O; was also
prepared by direct reduction of the dried sample under hy-
drogen at 300 °C, with no intermediate oxidation step.

The chemical reduction (CR) method. After addition of
v-AL,O; to 250 mL of aqueous solution of the metal precur-
sors, the resulting suspension was first sonicated for 1 h at
room temperature (at 35 kHz, 320 W) before chemical reduc-
tion of the salt which was achieved via the addition of a
5-fold excess of NaBH, for 15 min. Then the suspension was
vacuum filtered, washed with distilled water (500 mL) and fi-
nally dried at 80 °C for 12 h. This sample is labelled as Au-
Ni(cry/y-Al,O5.

The core-shell structure preparation method by consecu-
tive chemical reduction. First, a nickel nitrate aqueous solu-
tion was mixed with a 10 wt% aqueous solution of polyvinyl
alcohol (PVA, M, 9.000-10.000, Sigma Aldrich, 80% hydro-
lyzed) with a PVA/Ni molar ratio of 5. The solution was ad-
justed to pH = 1 via the addition of concentrated nitric acid.
The y-Al,O; support was further added to the solution, and
the obtained mixture was stirred (1000 rpm) for 1 h at room
temperature, before chemical reduction of the Ni salt oc-
curred via addition of a 5-fold excess of NaBH, for 15 min.

Further, a similar HAuCl,-PVA aqueous solution was pre-
pared in 50 mL of distilled water by mixing HAuCl,-4H,0 and
a 10% aqueous solution of PVA to get a PVA/Au molar ratio
of 5. It was maintained under stirring (1000 rpm) for 10 min
at room temperature, before being added to the reduced Ni/y-
AlL,O; aqueous suspension and mixed for 1 h (1000 rpm). A
second chemical reduction step occurred via further addition
of a 5-fold excess of NaBH,; the resulting suspension was
maintained under vigorous stirring (1000 rpm) for 24 h. Then
the powder was separated from the solution by vacuum distil-
lation and washed with distilled water before it was finally
dried overnight at 80 °C. This sample is labelled as Ni@Au.

The detailed preparation of the Au/y-Al,O3, Ni/y-Al,O3, Ru/
TiO, and Ru/ZrO, monometallic counterparts used as refer-
ence catalysts is described in the ESIL}

Catalytic tests

Levulinic acid hydrogenation. In a typical levulinic acid
(LA) hydrogenation experiment, 1 g of LA, 0.3 g of catalyst
and 30 mL of water were combined in a stainless steel auto-
clave (Berghof, Germany), equipped with a Teflon insert
allowing a reaction volume of 45 mL. The reactor was pres-
surized with H, to 10 bar and the temperature was
maintained at 190 °C for 2 h. At the end of the reaction, the
reactor was cooled down, the remaining pressure was re-
leased and the reaction mixture was centrifuged to separate
the solid catalyst and the product solution.

LA hydrogenation with formic acid as a hydrogen source
(FALA). In a typical LA hydrogenation experiment, 1 g of LA,
0.4 mL of FA, 0.6 g of catalyst and 30 mL of water were com-
bined in a stainless steel autoclave (Berghof, Germany),
equipped with a Teflon insert allowing a reaction volume of
45 mL. The temperature was maintained at 190 °C for 2 h. At

This journal is © The Royal Society of Chemistry 2018
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the end of the reaction, the reactor was cooled down, the
remaining pressure was released and the reaction mixture
was centrifuged to separate the catalyst and the product
solution.

Reaction product analysis. Gaseous products were ana-
lyzed using a gas chromatograph (VEB Chromatrom, Berlin)
equipped with a TCD detector. Argon was used as the carrier
gas with a flow rate of 15 mL min™ and the injections were
performed with a volume of 2 mL. Liquid products were ana-
lyzed using a high-performance liquid chromatograph
(Agilent Technologies 1260 Infinity, Perlan Technologies)
equipped with a refractive index detector and a Rezex ROA
column; 0.0025 mol L™ H,SO, was used as an eluent.

Computational details

Spin polarized periodic density functional theory (DFT) calcu-
lations were carried out with the Vienna ab initio simulation
package (VASP).”” The exchange-correlation energy and po-
tential were calculated with the generalized gradient approxi-
mation (GGA) using the PBE functional®® and including the
dDsC dispersion correction,”?” a combination recently
benchmarked against experimental adsorption energies.*' A
tight convergence of the plane-wave expansion was obtained
with a cut-off of 400 eV. The electron-ion interactions were
described by the projector augmented wave method
(P AW).32’33

Close-packed (111) monometallic (Au and Ni) and bimetal-
lic surfaces were modelled by a four-layer slab, separated by
at least 10 A of vacuum and using a p(3 x 3) supercell. In
agreement with the characterization reported below (see
TEM), the Au-Ni surface is modelled by a single atom alloy
where one atom of the topmost layer of Au(111) is replaced
by a Ni atom. A Monkhorst-Pack mesh of 3 x 3 x 1 K-points
for monometallic Au and bimetallic Au-Ni surfaces and 5 x 5
x 1 K-points for the monometallic Ni surface were used for
the 2D Brillouin zone integration to achieve a convergence in
energy lower than 0.01 eV per atom.>* Adsorption and reac-
tion processes were realized on the upper surface of the slab.
The two bottom layers were kept fixed at the bulk-truncated
positions. The interatomic metal-metal distances are equal
to 4.16 A and 3.51 A for Au and Ni, respectively (experimen-
tally: 4.08 A for Au and 3.52 A for Ni). The coordinates of two
uppermost layers and of the adsorbates were relaxed until
forces were less than 0.015 eV A™'. The initially used mag-
netic moment value for Ni is equal to 0.61 yp per atom and it
changed slightly to 0.66 ys.

The energies of pure slabs (Gg.p), slabs with adsorbed spe-
cies (Gags/siab) and molecules in the gas phase (Gy,s) are con-
sidered as Gibbs energies. We neglect the vibrational contri-
bution to the Gibbs energy, thus Gga, and Gaggsiap are
approximated by their electronic energies (Ecjc). FOr Ggys it is
necessary to take into account the corrections for tempera-
ture and entropy. As the temperature value, we take 190 °C,
which is the one used in catalytic tests. The rotational en-
tropy corrections are computed using the rigid rotator and

This journal is © The Royal Society of Chemistry 2018
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the perfect gas approximations, using the experimental iner-
tia moments for appropriate molecules, taken from the NIST
database.®®

Ggas = Lele + nkBT - T'(St + Sr)

(n = 4 for non-linear molecules and n = 3.5 for linear mole-
cules, kz - Boltzmann constant, 7 - temperature, S, and S, -
translational and rotational entropies, respectively).

The adsorption Gibbs energy G,qs is calculated as the dif-
ference between the Gibbs energy of the molecule adsorbed
on the surface and that of a bare surface and molecule in the
gas phase. A negative energy means a stabilizing adsorption.

Reaction paths have been studied, combining nudged
elastic band procedures (NEB),***” together with our local re-
action path generator, OpenPath.*® Transition states have
been optimized using the dimer method,* and confirmed by
the presence of a single imaginary frequency along the reac-
tion coordinate.

To consider the effective reaction energetic barrier, the en-
ergy span model implemented by Kozuch and Shaik is ap-
plied.">*" The energetic span is defined as the difference of
Gibbs energies between the TOF-determining intermediate
(TDI) and the TOF-determining transition state (TDTS):

Grprs — Gy when TDTS appears after TDI

3G, =
e {GTDTS -G +AG,  whenTDTS appears before TDI

TDTS and TDI are the transition state and the intermedi-
ate of the catalytic cycle that maximize this Gibbs energy
span.

Catalytic activity

The outstanding performance of bimetallic Au-Ni catalysts in
the one-pot reaction

Table 1 shows the performances of selected catalysts in LA
hydrogenation to GVL with FA as an internal hydrogen
source. Various preparation methods were used and the
supported Au-Ni bimetallic catalysts are compared with their
monometallic counterparts.

The chemically reduced (CR) catalysts displayed activity
only in the FA decomposition, and neither LA conversion nor
GVL yield was obtained. While the chemically reduced mono-
metallic gold showed only negligible activity in FA decompo-
sition (25% in comparison with the 19% conversion obtained
with the alumina support in a blank experiment), Nicg)/y-
Al,O; was much more active giving 52% FA conversion. The
bimetallic Au-Ni(cg)/y-Al,O; catalyst outperformed the mono-
metallic ones, being the most active among the catalysts pre-
pared by chemical reduction with an almost full conversion
of FA (91%) and traces of LA conversion. A lower activity was
achieved on the Ni@Au catalyst with a core shell structure
obtained through successive chemical reductions, with a FA
conversion of 59% and no LA conversion.

Catal Sci. Technol.,, 2018, 8, 4318-4331 | 4321
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Table 1 Activity of mono- and bi-metallic supported catalysts in LA hy-
drogenation with FA as an internal hydrogen source (FALA)

FA LA GVL
Catalyst conversion [%]  conversion [%]  yield [%]
1% AUcryy-ALO; 25 0 0
4% Ni(cry/7-ALO; 52 0 0
Au-Ni(cry/y-ALO; 91 0 0
Ni@Au 59 0 0
Au—Ni(CI]/’Y-AI203 100 78 74
AU-Ni/-ALOs) 100 89 86
Au-Ni(p)/y-ALO5 100 47 43
Au—Ni(Dp)/Y-A1203(C) 100 76 72
Au-Nigs;/y-ALO; 100 33 31
Au—Ni[SI)/V-AIZO;;(C) 100 66 62
1% Au/y-AlO5c) 100 0 0
4% Ni/Y-A1203[C) 53 0 0
5% Ru/ZrO, 79 0 0
5% Ru/TiO, 100 8 4
¥-ALO; 19 0 0

Reaction conditions: 190 °C; 2 h; 0.6 g of catalyst; 1 g of LA; 0.4 mL
of FA and autogenic pressure.

The catalysts reduced by a high temperature reductive
treatment showed a similar trend: all bimetallic catalysts are
more active than the monometallic ones. But, in contrast to
the chemically reduced ones, the bimetallic catalysts allow
complete FA decomposition and even facilitate the subse-
quent LA hydrogenation.

The calcination played a pivotal role in the activity of the
material, regardless of the initial step of preparation. Indeed,
in the case of the catalysts prepared via the co-impregnation
(Au-Nicp/y-Al,0;), deposition—precipitation (Au-Nipp)/y-Al,O;)
and subsequent impregnation (Au-Nigp/y-Al,0;) methods,
performing a calcination step before the final reduction at
300 °C enhanced both the LA conversion and the GVL yield.
Among the three preparations, the subsequent impregnation
yielded the lowest catalytic activity and the co-impregnation
the highest one.

The most efficient catalyst is Au-Nicp/y-Al,O;(c) catalyst,
with a LA conversion and a GVL yield of 89% and 86%, re-
spectively, at full formic acid conversion. It achieves a sig-
nificantly higher LA conversion and GVL yield than the ref-
erence catalysts, which are widely considered in the
literature as the most active ones for LA hydrogenation
using an external hydrogen source.””>*” Ru/ZrO, cannot
fully decompose FA in 2 h, and there is no LA conversion.
On the Ru/TiO, catalyst, despite a full conversion of FA, al-
most no GVL was obtained.

Performances in LA hydrogenation

To rationalize the impact of the preparation method on the
catalytic activity in the FALA reaction, assessing the activity
towards the separate reactions is key. The FALA reaction was
shown to follow a sequential mechanism: the LA hydrogena-
tion can take place once the FA decomposition is complete.’
That is why the activity performance in FA decomposition

4322 | Catal Sci. Technol., 2018, 8, 4318-4331
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can be estimated from the combined reaction (Table 1): the
bimetallic catalysts outperform their monometallic counter-
parts, with Au being particularly poor at converting FA. On
the other hand, to understand the activity in LA hydrogena-
tion only, LA hydrogenation was conducted separately under
external hydrogen pressure (Table 2). The catalyst series pre-
pared via the co-impregnation and deposition-precipitation
methods were selected for comparison tests with the mono-
metallic counterparts, because they showed the highest activ-
ity among the bimetallic catalysts in the FALA reaction (with
GVL yields of 89% and 76%, respectively, for samples cal-
cined prior to reduction).

The difference between mono- and bimetallic catalysts at
converting LA into GVL was even more clearly evidenced
using external hydrogen: the bimetallic catalysts displayed
much higher conversions. On the other hand, the modifica-
tion of the synthesis did not influence significantly the LA
conversion as well as the GVL yield. Indeed, the bimetallic
catalysts prepared by various methods showed surprisingly
similar performances, with a LA conversion and a GVL yield
of 58-65% and 55-60%, respectively, while significant differ-
ences in GVL yield were clearly visible in the FALA reaction
(Table 1). In addition, the ranking of the catalysts differs
from the one obtained for the FALA reaction.

Characterization
X-ray diffraction (XRD) analysis

The diffraction patterns of the y-Al,O; support as well as of
the reduced monometallic and bimetallic Au-Ni/Al,O; cata-
lysts are shown in Fig. 1. The XRD pattern of the bare sup-
port exhibits broad and weakly resolved diffraction peaks cor-
responding to cubic lattice y-Al,O; and attributed to the
diffraction of the (111), (220), (311), (222), (400), (511), (440)
and (444) planes at 26 = 32.0°, 37.7°, 39.5°, 45.9°, 60.8°, 66.9°
and 85.0°, respectively.*>*?

For the Au/y-Al,O;) monometallic catalyst, additional
peaks have been observed at 26 = 38.3°, 44.4°, 64.6° and
77.6°, which are assigned to the diffraction of the (111),
(200), (220) and (311) planes of metallic face-centered cubic
Au particles, respectively.**

In the case of the Ni/y-Al,O; catalyst, no additional diffrac-
tion peaks were observed. The overlapping of the broad peak
assigned to the (400) plane of y-Al,O5 at 26 = 45.9° with the

Table 2 Activity of mono- and bi-metallic supported catalysts in LA hy-
drogenation with an external hydrogen source

Catalyst LA conversion [%] GVL yield [%]
4% Ni/’Y-A1203(C) 0 0
1% Au/’Y-A1203(C) 5 5
Au-Ni(cy/y-ALO; 65 59
Au—Ni(CI]/'Y-A1203(C) 60 54
AU-Nipp)/y-ALO; 62 60
Au-N i(Dp)/ V-A1203(C) 58 55

Reaction conditions: 190 °C; p, H, = 10 bar; 2 h; 1 g of LA; 0.3 g of
catalyst.
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Fig. 1 Powder XRD pattern of the y-Al,Oz support, the Ni/y-Al,Ozc)
and Au/y-Al,O3c) monometallic catalysts, and the bimetallic catalysts.
JCPDS cards: y-Al,O3 (04-0784), Au (65-2870), Ni (04-0850), and NiO
(47-1049).

most intense peak of both Ni and NiO phases, ie. at 20 =
44.5° and 26 = 43.3° for the (111) and (200) planes, respec-
tively, led to a visible shoulder, as a fingerprint of the pres-
ence of supported Ni, although it was not possible to discrim-
inate between its metallic or oxide nature.*>*

By contrast, the patterns recorded on bimetallic catalysts
did not exhibit any clear shoulder in the Al,O; diffraction
peak at 26 = 45.9°, probably due to a smaller crystallite size
of the Ni-based phase, resulting from the preparation
methods. No clear peak assigned to the metallic Au plane
could be observed, due to the overlapping of its most intense
peak, i.e. that of the (111) plane at 26 = 38.3°, with that of the
(311) plane of y-ALO; at 20 = 37.7°, as well as to the low
intensity of the Au diffraction signals compared to the Au/y-
Al O; counterpart. However, the presence of metallic Au was
revealed by the slight shift towards higher angles observed at
26 = 38.3°, resulting from the peak overlap. This was con-
firmed by the appearance of the broad low intensity peak
assigned to the diffraction of the (311) planes of metallic Au
at 26 = 77.6°. It could be noticed that the presence of metallic
Au was less visible on the Au-Nipp)/y-Al,O5(c) catalyst, and
more visible on the Au-Nicg)/y-Al,O; catalyst compared to the
other bimetallic catalysts. Also, compared to the Au/y-Al,O3
monometallic counterpart, the lower intensity of the diffrac-
tion signals could result probably from a smaller metallic Au
particle size, or from a shorter coherent diffraction length.

ToF-SIMS analysis of the catalyst surface

In order to characterize the changes occurring on the surface
of the catalysts after various preparation methods, ToF-SIMS
measurements were performed (Table 3). The corresponding
intensity ratios were calculated for chosen ions identified in
the mass spectra collected from the catalyst surface.

The Ni:Au surface ratio depends strongly on the prepara-
tion method. Obviously its lowest value was identified for
the core-shell catalyst, which proves that in that case gold
is mainly present on the surface (Table 3, entry 9). Both the
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co-impregnation and subsequent impregnation methods led
to obtaining a similar Ni /Au™ ratio in the range of 0.21-
0.29 (Table 3, entries 2-3 and 6-7) whereas the chemical re-
duction method (that does not involve any thermal treat-
ment) and the deposition-precipitation method led to a
higher Ni /Au™ ratio in the range of 0.40-0.51 (Table 3, en-
tries 4-5 and 8).

During ToF-SIMS measurements, we observed as well the
formation of Ni,Au™ ions. The formation of these Au-Ni spe-
cies was however not noticed in the case of the mechanical
mixture (entry 10). This suggests the presence of a surface al-
loy. Although in the case of Au-Ni metals the miscibility gap
is too large that the formation of the alloy is only possible at
very high temperatures like 810 °C,*” a limited amount of Ni
can ‘dissolve’ in Au or vice versa at much lower tempera-
tures.*® This means that for instance, Ni atoms may substi-
tute Au atoms in the outermost atomic layers to form a so-
called ‘surface alloy’. The intensity of this Ni,Au ion that
can be directly related to the formation of the surface alloy
depends on the preparation method: the relative intensity of
this ion to the total ions remains mostly in the range of 0.3-
0.4 x 10~ but a higher intensity was identified for catalysts
prepared by impregnation (0.49 x 107%) and core shell (0.65 x
107*) methods (Table 3, entries 6 and 9). This stronger inten-
sity of the Ni,Au ion is associated with a high intensity of
the AuCl, ions. The association of gold atoms with chlorine
probably facilitated the formation of the alloy by the modifi-
cation of the electronic structure of gold.

When it comes to the changes of the Cl” ion intensity
reported in Table 3 as the ratio of Cl /total ions, the highest
concentration of residual CI” ions is observed on the surface
of the samples subjected to co-impregnation and subsequent
impregnation (Table 3, entries 2-3 and 6-7). However only in
the case of Au-Ni(gpy-Al,O; catalysts was most of the chlorine
associated with Au.

On the surface of the investigated catalysts, Au, ions were
also identified, and in general the higher the intensity of
such multiple ions, the larger the crystallites on average.’
The Au, /Au” ratio was the highest for the monometallic sam-
ples and the Ni@Au core-shell that should expose mainly Au
at the surface. This is in agreement with the literature which
suggests that the dispersion is higher in the case of bimetal-
lic nanoparticles with respect to their monometallic
counterparts.*?

Temperature programmed reduction (TPR) analysis

The TPR profiles of the mono- and bimetallic catalysts before
the final reductive step are presented in Fig. 2. As the highest
temperature used for the catalyst preparation never exceeded
600 °C, the TPR profiles were recorded to that temperature.
For the monometallic Au/Al,O; catalyst calcined at 500 °C, al-
most no hydrogen uptake was observed. This can be related
to the high calcination temperature that allows the complete
decomposition of the Au precursor directly into metallic Au.
In addition, Au,0; is not stable®® and residual surface
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Table 3 Normalized intensity of selected ions calculated on the basis of the mass spectra collected from the surface of catalysts obtained by different

preparation methods

Entry Catalyst Ni /Au” AuCl, /Au” Cl /total” Ni,Au /total” (x107%) Au, /Au” (x107%)
1 1% Au/y-AL Oy — 0.077 0.028 — 5.89
2 Au-Ni(cp/y-ALO; 0.21 0.050 0.113 0.29 2.86
3 Au-Ni(op/7-ALOs() 0.24 0.034 0.076 0.32 2.99
4 Au-Nigppyy-ALO; 0.49 0.053 0.071 0.32 1.31
5 Au-Ni(pp)/y-ALOs () 0.40 0.044 0.064 0.40 1.50
6 Au-Nigp/y-ALOs 0.22 1.348 0.132 0.49 2.76
7 Au-Ni(s/y-ALOs () 0.29 0.241 0.133 0.30 2.72
8 Au-Nicryy-ALO; 0.51 0.117 0.072 0.27 2.65
9 Ni@Au 0.02 0.632 0.060 0.65 6.52
10 1% Au/y-AL,O; + 4% Ni/y-AlLLO, 0.12 0.246 0.44 — 4.00

chlorine with a low reduction potential (-1.36 V) can help in
reducing gold to its metallic state.”® Further, no low tempera-
ture (<30 °C) hydrogen uptake was observed, which was al-
ready associated with the removal of oxygen atoms or of re-
sidual chlorine weakly adsorbed on the gold surface.”> The
formation of metallic gold under our conditions was also
confirmed by XRD results.

When it comes to monometallic Ni/Al,O3, the TPR base-
line slightly rises with increasing temperature, which sug-
gests that there is a small hydrogen uptake. It could come
from the partially reduced NiO phase, due to the strong inter-
action with the alumina support and to the small size of par-
ticles (see XRD results). Indeed, for high Ni loadings (~20-
50%), hydrogen uptake is observed in the temperature range
of 200-350 °C and attributed to the reduction of the NiO
bulk.>® However, when deposited on a support, the reduction
temperature can be shifted up to 450-600 °C or even much
higher due to the existence of a strong interaction with the
support.®® The slight hydrogen uptake observed for 4% Ni/
Al,O; here could also be related to the reduction of nickel
atoms incorporated into the alumina structure. At high tem-
peratures during the catalyst treatment, incorporation of Ni
atoms into the subsurface of the alumina support can occur.
Indeed, spinel-like species have been identified in several
alumina-supported catalysts like Ni, Au, Pd, and Pt, and
exhibited usually high reduction temperatures, much higher
than their respective oxides.>*>>*® That is why in our case,
we have probably a mixture of NiO, and Ni phases on the in-
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Fig. 2 TPR profile of the Au, Ni and Au-Ni catalysts.
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vestigated catalysts. In the case of the bimetallic catalysts, the
reducibility depends to a great extent on the preparation
method that was used. The profile of Au-Nipp)/y-Al,03(c) was
similar to that of monometallic nickel showing only one
broad peak above 400 °C. In this case, the hydrogen uptake
started at a lower temperature than for the monometallic Ni
catalyst, suggesting the interaction of Ni in a different way
with AL,O; or with different species like Au species. In the
case of the Au-Nipp)/y-Al,O5(c) catalyst, the reduction of vari-
ous alumina hydroxide species is also reported®” (e.g.
Au(OH)3, [AuCI(OH);]" or [AuCl,(OH),] which are formed dur-
ing preparation). For Au-Nigp/y-Al,O3(c), the hydrogen uptake
peak is rather sharp with the maximum located at 210 °C,
but still with a low intensity. The highest hydrogen uptake
was observed for the Au-Ni(cy)/y-Al,05(c) catalyst, which is also
the most active catalyst. For this catalyst, the TRP profile also
strongly differed with the existence of two temperature re-
gions for the reduction. The maximum hydrogen uptake was
noted in the low temperature region, with a first maximum
at 260 °C and a second one at 410 °C. The highest reduction
temperatures that were observed for the Au-Niy/y-Al,O5(
catalyst can be associated with the strong interaction of Au
and Ni, and with the small particle size of both metals, as
suggested in the literature.>®*’

X-ray photoelectron spectroscopy (XPS) analysis

Surface characterization has been performed by XPS in order
to understand the nature of the active sites responsible for
the high activity of the Au-Nicy)/y-Al, O3 catalyst in the FALA
reaction and to probe possible surface metal interactions.
Fig. 3 shows both Ni 2p;,, and Au 4f regions of the XPS spec-
tra recorded after in situ reduction at 300 °C under hydrogen
of the Au-Nip/y-Al,O5(c) catalyst, to avoid any surface re-
oxidation of reduced nickel when exposed to air. The Ni 2p;,
orbital spectrum of the dried sample is reported for
comparison.

In general, the Ni 2p;/, orbital spectra show a complex fea-
ture with a broad multi-contribution envelope, composed of
the core level peaks and of several shake-up satellite peaks at-
tributed to a multi-electron excitation and characteristic of Ni
species in oxidized states.’”®* However, by contrast to the
dried sample, it could be seen from the spectra recorded on
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the catalyst after hydrogen treatment that both metallic and
oxidized states of Ni co-exist within the supported nano-
particles. Indeed, the broad and complex envelop feature
shown by both Ni 2p;,, orbital spectra showed a contribution
at 856.4 eV corresponding to Ni in oxidized states, while they
differed with the appearance in the peak foot of a contribu-
tion at 852.9 eV assigned to metallic Ni.'®%%*

The Au 4f orbital XPS spectra of the Au-Nicy)/y-Al,O;(c) cat-
alyst exhibit two contributions, each of them as a doublet
corresponding to Au 4f;,-Au 4f5, spin-orbit components
with a 3.7 eV spin orbit coupling constant. The low binding
energy doublet at 83.5 eV and 87.2 eV was assigned to metal-
lic gold, and a significant shift was observed towards lower
binding energy with respect to the well-accepted value of 84.0
eV for bulk metallic gold."®***® We proposed that this
resulted from the existence of metal-support interactions,
which have been ascribed to a charge transfer in the sub-
strate to nanometer-size metallic gold particles.®*”" Indeed,
it is well-known that the Au 4f electrons of surface gold
atoms display a binding energy lower than that of bulk Au
atoms. Rousset and co-workers have evidenced a 0.9 eV lower
binding energy shift which was observed for 3 nm size Au
particles on alumina.’”® They have reported that this energy
shift strongly depended on the nature of the oxide support.
Ealet and Gillet have correlated the charge transfer and the
electronegativity of the supported metals.”” The electronic
interaction between the metal atoms and the surface cations
can occur for metals such as gold with an electronegativity
close to that of oxygen and higher than that of aluminium
cations of the support. This results from the role of an
electron acceptor played by gold - in competition with sur-
face oxygen atoms - with respect to aluminium cations.

A higher binding energy contribution was observed at 84.1
eV and 87.8 eV, with a +0.6 eV shift when compared to the
first metallic Au contribution. Such a high energy shift,

a) Ni2p b) Au 4f

H, reduced

dried

T T T T T J
848 852 856 860 864 868 82 84 86 88 90

Binding energy (eV) Binding energy (eV)

Fig. 3 (a) Ni 2ps,> and (b) Au 4f regions of the XPS spectra recorded
after in situ reduction under hydrogen of the Au-Nic),/y-AlO3)
catalyst. For comparison, the Ni 2pz/,, spectrum of the dried sample is
reported.
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strongly dependent on the support oxide nature, is usually
assigned to Au’* species, and explained by a strong metal-ox-
ide support interaction.®” Considering that we proposed the
existence of an electron transfer from the alumina support to
supported Au, we hypothesized that this higher energy Au’*
contribution came from metallic gold in direct interaction
with metallic nickel within bimetallic Au-Ni particles,”> "> as
will be discussed later, with an electronic transfer from host

metallic gold to guest nickel.

Transmission electron microscopy (TEM) images

In order to get deeper insight into the higher activity of the
Au-Ni(cp/y-Al,O3c) catalyst, STEM characterization was
performed. Fig. 4 shows selected STEM images together with
detailed EDX analyses and the derived nanoparticle size his-
togram. In the case of the Au-Nicy/y-Al,O3(c) catalyst, small
particles were observed with a rather narrow distribution cen-
tered around an average particle size of 5.7 nm. The detailed
EDX analysis of isolated single nanoparticles confirmed the
bimetallic nature of the metal particles for this sample: Ni
and Au stay in a very close contact with each other. A small
contribution of Ni was in most of the cases observed within
the well-defined Au metal particles, and estimated to be 10
atomic percent (Fig. 4). Besides this most frequent case,
other nanoparticles with an equal contribution of both Ni
and Au, or with a small content of Au vs. Ni, were also ob-
served. Due to the usually amorphous nature of Ni nano-
particles, the latter case was the least frequently identified.
To check how the elements are distributed within the par-
ticle and to investigate if the observed bimetallic nature of
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Fig. 4 (a) STEM microscopy images recorded on the Au-Nic),/
v-AlLO3(, catalyst, with the derived nanoparticle size distribution
histogram. STEM image with the corresponding EDX analysis, recorded
on an isolated single nanoparticle with (b and e) a high Au/Ni atomic
ratio, (c and f) a 50:50 Au/Ni atomic ratio and (d and g) a low Ni/Au
atomic ratio reported.
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the EDX spectra recorded with STEM analysis is due to the
close presence of nanoparticles or to an intimate contact of
Au and Ni within the particle, HRTEM images of a represen-
tative single nanoparticle were recorded (Fig. 5). The planes
of the Au crystal were identified based on the analysis of re-
spective reflexes (JCPDS No. 03-065-2870). The detailed EDX
analysis taken on this nanoparticle evidenced the presence of
both Au and Ni elements within isolated particles, with an
11:89 Ni:Au atomic contribution. This confirms the pres-
ence of the surface alloy, with Ni atoms ‘dissolving” in the Au
crystal. However, the opposite situation cannot be excluded.

Fig. 6 shows the STEM images of Au-Ni(pp)/y-Al,O5(c) and
Au-Ni(pp)/y-Al,O; catalysts with the respective particle size his-
tograms. Both catalysts showed smaller particle size of metals
when compared to that of Au-Nicy/y-Al,O3(c), at 3.3 nm and
2.5 nm, respectively. However average nanoparticle sizes of
3-5 nm were reported*>**’® when a similar synthesis ap-
proach was applied. This observed dispersion remains in
agreement with the literature that reported the strong depen-
dence of the average particle on the preparation conditions
and metal loading. Also, the size of Au-Ni can vary within a
large range: very large nanoparticles (about 20 nm) can also
be observed when the catalyst was subjected to a very long re-
ductive treatment in hydrogen flow or when the catalyst was
prepared via a subsequent impregnation procedure.®

The distribution of metal particles at the surface of the
Au-Ni(pp)/y-Al,05(c) and Au-Nipp)/y-Al,0; catalysts is homoge-
neous. However, contrary to what was observed for the Au-
Ni(cp/y-Al,O5 catalyst, large agglomerates of amorphous nickel
were noted, particularly in the case of the Au-Nipp)/y-Al,O;
sample. Probably in this case, the crystallization process did
not occur to a large extent, which is why a very small amount
of crystalline nanoparticles (both Au and Ni) was identified
in this sample. This is in agreement with XRD, for which Au
crystallites are well visible in the Au-Niy/y-Al,O5() spectra,
by contrast to what was observed for the Au-Nipp)/y-Al,05(
catalyst.

Theoretical study

According to our catalytic tests, the ability of the catalyst to
rapidly perform formic acid decomposition seems to be deci-
sive for the efficiency of the one-pot process. To better under-

% atomic

Ni 10.71
Au 89.29

Fig. 5 HRTEM image and EDX spectrum of an isolated Au-Nic)/
v-AlL,O3() catalyst crystal.
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Fig. 6 STEM images and the respective histograms of a) Au-Nipp)/
’Y-Al203(c) and b) AU—Ni(Dp)/’Y-Alez,.

stand why the bimetallic Au-Ni catalysts outperform the
monometallic ones, periodic density functional theory (DFT)
calculations were performed focusing on the FA decomposi-
tion. TEM, XPS and ToF-SIMS analysis revealed the occur-
rence of strong Au-Ni interactions in bimetallic catalysts. Ad-
ditionally, the existence of particles with a predominating
amount of Au in the most active catalyst (Au-Ni(cy)/y-Al,O3(c))
was confirmed by TEM. In addition, it has been shown re-
cently that a Ni-Au single atom alloy, where one Ni atom re-
places one surface Au atom of a Au(111) surface, is accessible
and exhibits a peculiar activity.”” Thus, the Au-Ni bimetallic
catalysts were modelled using a bimetallic surface in which
one surface Au atom was replaced by one Ni atom (Fig. 7). In
this model, Au atoms surround the Ni atom.

The decomposition of FA towards H, and CO, can proceed
via two routes (Fig. 8). The carboxyl (COOH) route starts with
C-H bond cleavage and continues with the OH one. The for-
mate (HCOO) pathway starts with O-H bond breaking, yield-
ing the very stable bidentate formate HCOOjy intermediate.
To further break the C-H bond, it is first necessary to break
the metal-oxygen bond, yielding the formate monodentate
HCOO,, intermediate. Branching from the carboxyl interme-
diate COOH, a dehydration route is also possible through C-
OH dissociation (Fig. 8). It produces water and CO, the latter
being usually detrimental to the catalytic activity.

Three model surfaces were considered: Au(111), Ni(111)
and Au-Ni(111) to investigate the impact of alloying on: (i)
the dehydrogenation ability and (ii) the potential poisoning
of CO.

As far as dehydrogenation is concerned, all the reaction in-
termediates and transition states of the formate pathway
(Fig. 9) are more stable than those of the carboxyl pathway (Fig.
S1t) for the three models under consideration. Thus, the for-
mate pathway is clearly the most favoured one. This preference
is also confirmed by the energetic span 3G values (Table 4),
which are lower for the dehydrogenation via the HCOO path.
Energetic span 3G can be described as the apparent activation
energy for the catalytic cycle (see Computational details). The
lower the energetic span, the faster the reaction.

The comparison of the energetic spans 6G for monometal-
lic Au and Ni and bimetallic Au-Ni surfaces (Table 4) shows
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Fig. 7 Unit cell of the slab model used for the bimetallic Au-Ni
surface - one Ni atom (in green) is embedded in the top layer
surrounded by Au atoms (in yellow): (a) top view, (b) side view.

that the Au(111) surface is predicted to be barely active in
comparison with Ni(111), with an energetic span ~0.8 eV
higher. These results are in line with previous periodic DFT
results on pure Au and pure Ni catalysts.”>”®”° On the other
hand, the energetic ranges for Ni and Au-Ni surfaces are
comparable, with the alloy being predicted to be more active
(Ni 1.59 eV vs. 1.52 eV Au-Ni). In both cases, the decomposi-
tion is limited by the C-H bond scission. This step requires a
pre-equilibrium between the bidentate formate HCOOg and
the monodentate one HCOO,,. While the bidentate is over-
stabilized on Ni(111), thanks to the formation of two strong
Ni-O bonds, it is much less stabilized on the Au-Ni alloy,
with the formation of a strong Ni-O bond and a weaker Au-O
bond (for structures of HCOO, see Fig. 10; for the other struc-
tures among the pathways, see Fig. S21). As a consequence,
the monodentate formate is easier to achieve from the
bidentate on the alloy surface than on the Ni one (6G = 0.57
eV for Au-Ni vs. 0.96 eV for Ni). In contrast, the C-H dissocia-
tion step from the monodentate formate is more activated on
the Ni-Au surface, hence moderating the overall effect. Last,
looking at the adsorption of 1/2 H, on the surfaces, it is
stronger at the Ni surface than at the Au-Ni one (-0.90 eV vs.
-0.27 eV). Thus, not only the bidentate formate but also the
H atoms may act as a ‘poison’ for the Ni surface. The latter is
in line with the absence of activity of Ni in the levulinic acid
hydrogenation experimentally observed.

Another source of poisoning is the production of CO by
the dehydration of HCOOH. The corresponding energy pro-
files are gathered in Fig. S4.f Dehydration is not thermody-
namically favoured in comparison with dehydrogenation, es-
pecially in liquid water. However, traces of CO could block
the catalytic sites. Thus, the most important feature is the
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fate of the CO traces that might be produced. On Au(111),
CO should desorb very quickly since the desorption is
stabilising. On Ni(111), CO is strongly chemisorbed in a hol-
low site with a desorption Gibbs free energy of 1.30 eV at 190
°C. This desorption energy is still lower than the energy span
required to perform the dehydrogenation, meaning that CO
should have only a limited detrimental effect on the catalytic
performance. In the case of bimetallic Au-Ni, CO is adsorbed
on the top of the isolated Ni atom. The alloying reduces the
number of Ni-CO bonds and thus weakens the adsorption of
CO (-0.96 eV). In addition, the reverse hydroxylation of CO
into carboxyl COOH is competitive with the desorption with a
barrier of 0.98 eV. Finally, COOH can be easily hydrogenated
back to formic acid in the presence of H,. In other words,
even if CO can be produced on the Au-Ni alloy, it is not poi-
soning the catalytic site.

Discussion

In the hydrogenation of levulinic acid to y-valerolactone with
formic acid used as an internal hydrogen source obtained
from FA decomposition, one of the challenges is to design a
catalyst capable of performing both reactions under similar
reaction conditions with high efficiency. The ability of a cata-
lyst to perform this FALA reaction is tremendously impacted
by the preparation method. The chemical reduction method
provides the least active bimetallic catalyst, even if it still
more active than the monometallic and benchmark catalysts.
A calcination step followed by a high temperature reduction
seems to be essential to ensure a high activity and the co-
impregnation method appears to be the best synthesis strat-
egy (see Table 1). The preparation method of the Au-Ni cata-
lysts does not influence the direct hydrogenation of LA by H,
significantly demonstrating that the FA decomposition is the
key step in the FALA reaction.

When the FALA reaction is performed in a batch reactor,
the autogenic H, pressure directly relies on the FA decompo-
sition rate. A faster and more selective FA decomposition can
result in a higher subsequent LA conversion, as this would
promote a higher pressure. Additionally, the selective decom-
position of FA to hydrogen and carbon dioxide while avoiding
the formation of CO can protect the active sites from

IO co co H,O
(! OH H OH H
TS OH
co, Cco, H,
o—c/ HH HH
i N
AH
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Fig. 8 Scheme of HCOOH decomposition: dehydration and dehydrogenation via carboxyl (top) and dehydration via formate (bottom)

intermediates.
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Co,

Fig. 9 HCOOH dehydrogenation via HCOO. Gibbs energy profiles for Au (dotted), Ni (plain), and Au-Ni bimetallic surfaces (dashed). Gibbs

energies given in eV at T = 190 °C; * means adsorption at the surface.

poisoning by CO.'® During the hydrogenation reaction with
an internal hydrogen source, the FA decomposition is
reported to occur first before the LA hydrogenation takes
place.’ So, it is of high importance to optimize the FA de-
composition step, as both the conversion and the selectivity
of this first reaction can directly influence the performance
of the subsequent hydrogenation reaction towards GVL.

To rationalize the different activities that we observed, we
combined the catalytic tests with structural characterizations
and DFT computations.

The most active bimetallic catalyst possessed small parti-
cles of both metals in close contact, with an average particle
size of 5.7 nm (TEM). The size of the crystallites is important,
but even more the presence of the crystalline phase. Whereas
the Au-Ni(cp/y-Al,O5(c) catalyst with the highest activity (GVL
yield of 86%) has an average size of 5.7 nm, the Au-Nipp)/y-
Al O3y sample with only a slightly lower activity (GVL yield
of 72%) has nanoparticles with an average size of 3.3 nm,
and the Au-Nipp)/y-Al,O5 catalyst with the smallest activity
among these three has an average crystallite size of 2.5 nm.
In the two latter samples, a significant contribution of the
NiO, amorphous phase has however been observed, and is
especially more pronounced in the lower activity catalyst,
while such amorphous agglomerates have not been evidenced

Table 4 Energetic spans 3G (in eV) for the HCOO and COOH routes in
HCOOH dehydrogenation for Au, Ni, and Au-Ni surfaces

Au Ni Au-Ni
via HCOO 2.36 1.59 1.52
via COOH 2.43 1.78 1.68
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in the TEM images of the most active catalyst. On the other
hand the contribution of the crystalline phase of both metals
on the surface of the Au-Ni(cp/y-Al,O5(c) catalyst is the highest
among these three materials. This is also confirmed by XRD
analysis, which showed a significant contribution of the Au
metallic phase only for Au-Ni(c/y-Al,O5(c) and Au/y-Al,O; cat-
alysts. Also, the hydrogen uptake was the highest in the lower
temperature region in the TPR profile of the Au-Nigcypy/y-
Al,O3(c) catalyst. Judging from the ToF-SIMS estimation, the
largest size of Au crystallites was observed for monometallic
gold and the core shell sample containing the highest gold
contribution on the surface. For other catalysts, the estimated
size of gold nanoparticles that is presented as the Au, /Au”
ion intensity ratio remains much smaller and similar regard-
less of the catalyst. The smallest size of Au nanoparticles was
estimated for the deposition-precipitation method, but as
mentioned above the contribution of amorphous NiO, was
significant in the Au-Nipp)/y-Al,05(c) catalyst.

Not only the presence of small crystallites of Ni and Au
was beneficial, but also the existence of an interaction between

(a) (b)

0-Au2.29A
0-Ni1.90 A

0-Ni1.85A

Fig. 10 Structures of (a) HCOO bidentate and (b) HCOO monodentate
at the Au-Ni bimetallic surface.

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8cy00462e

Published on 18 June 2018. Downloaded on 9/10/2018 11:05:17 PM.

Catalysis Science & Technology

both metals. The presence of this strong Au-Ni interaction
was supported by HRTEM and EDX (with evidence of Ni
atoms within well-defined Au nanocrystals), ToF-SIMS (with
the record of Ni,Au ions), XPS (with the observation of an
energy shift towards higher energies for metallic Au) and TPR
analysis (with a shift in the reduction temperature). We could
also hypothesize that the strong decrease in the coherently-
diffracting domain size observed for Au in Au-Ni bimetallic
systems when compared to Au/y-Al,O; could result from the
incorporation of Ni atoms within the Au nanoparticles. Also
in the literature there are confirmations of this strong inter-
action in Au-Ni systems.®*

The incorporation of Ni atoms within the Au nanoparticles
modifies the reduction properties of Ni species, as well
evidenced by TPR measurements. The highest hydrogen uptake
was observed for the most active catalysts. The next section will
further describe how the incorporation of Ni atoms plays a piv-
otal role in the ability of the catalyst to decompose FA.

Based on the convergent characterizations of the best Au-
Ni catalyst, a model of the surface was built using a Au-
Ni(111) surface, made of one surface Ni dissolved in a Au sur-
face with a Ni:Au ratio of 1:9 (see Fig. 7). This model cata-
lyst was compared with Au(111) and Ni(111) in terms of the
ability to perform the FA decomposition using periodic DFT
calculations. The dehydrogenation starts with the OH scis-
sion yielding the bidentate formate on all three surfaces. This
intermediate is too stable on Ni(111) and too unstable on
Au(111), limiting the reaction on these two catalysts. On the
Au-Ni surface, the bidentate formate forms one strong Ni-O
bond and a very weak Au-O bond, limiting its stability and
favouring the overall reaction. In addition, hydrogen is less
strongly chemisorbed on the alloy, which favours the H, pro-
duction. Last, the traces of CO that might be generated by de-
hydration would strongly poison pure Ni catalysts since CO
adsorbs strongly in hollow site. On Au-Ni, CO switches to
atop site on isolated Ni atom, which weakens its adsorption
energy and thus limits its poisoning power. All in all, the pre-
dicted activity in the FA decomposition is in line with the ex-
perimentally observed activity order (Au < Ni < Au-Ni) for
catalysts prepared by the chemical reduction method, for
which the interactions with the support are limited due to
the absence of any reductive thermal treatment. The activity
of monometallic gold towards FA decomposition is so negligi-
ble that it remains comparable with that of the bare Al,O;
support (shown in Table 1). This negligible activity of alu-
mina was also confirmed in the literature.*

By contrast, applying a high temperature treatment
resulted in the synthesis of Au catalysts with considerable ac-
tivity in the FA decomposition. This is in agreement with the
literature that reports that pure gold does not often show
activity in the discussed reaction, although the presence of
impurities or dopants like K can activate the gold nano-
particles.®* Also it is known that the activity of gold depends
strongly on the size of nanoparticles,®* and that isolated Au
species, strongly interacting with the y-Al,O; support, are able
to promote FA decomposition while Au clusters are inactive.*
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However, in both cases (thermal and chemical reduction),
the bimetallic catalysts displayed a superior activity in the FA
decomposition and the subsequent hydrogenation when
compared to that of the monometallic counterparts. The
presence of isolated well-reduced Ni atoms considerably en-
hances the FA decomposition according to our DFT study.
The concentration of such actives sites tremendously de-
pends on the preparation method. Since Au and Ni do not
form a bulk alloy, the chemical reduction is too mild to allow
the formation of a surface nano-alloy. The combination of
calcination and high temperature reduction results in a bi-
metallic system that is more active than currently existing
benchmark catalysts such as Ru/TiO, or Ru/ZrO, used for LA
hydrogenation but with an external hydrogen source.”>’

Conclusions

To conclude, we demonstrated for the first time the high ac-
tivity of bimetallic Au-Ni catalysts in the challenging transfer
hydrogenation of LA with FA as an internal hydrogen source.
The bimetallic Au-Ni/y-Al,O; catalysts strongly outperformed
their monometallic counterparts, as well as the usual bench-
mark catalysts used for LA hydrogenation with external hy-
drogen. The performances shown by the bimetallic catalysts
in the one-pot combined hydrogenation reaction were highly
influenced by their preparation method, the highest GVL
yield being achieved on the Au-Ni/y-Al,O; catalyst prepared
via co-impregnation of both metallic salts.

The DFT study and extensive characterization of the bulk
and surface properties of the catalysts were used for
explaining the very high activity observed on the bimetallic
Au-Ni systems. In particular, the existence of a strong Au-Ni
interaction and the formation of a Au-Ni surface nano-alloy
were put forward. The ability of the catalysts to rapidly per-
form the decomposition of FA in a selective way towards hy-
drogen is decisive for the efficiency of the one-pot hydrogena-
tion reaction. Further, DFT calculations explained the role of
Au and Ni, clearly showing that although monometallic Au
catalysts do not favor the reaction, the presence of isolated
metallic Ni atoms within the Au nanoparticles markedly
lowers the reaction energetic span down to a value that is
lower than that of pure metallic Ni. As a result of that, the re-
action of selective FA decomposition into hydrogen is
strongly facilitated, and consequently the subsequent com-
bined hydrogenation process as well.
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