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Silica-supported platinum overlayer on nickel (Ni@Pt) or copper (Cu@Pt) catalysts were synthesized and tested
for furfural hydrogenation. H, chemisorption and an ethylene hydrogenation descriptor showed weakened H,
binding strength of both overlayer catalysts compared to pure Pt, consistent with literature predictions. Cu@Pt
showed higher turnover frequencies of furfural hydrogenation compared to pure Pt and pure Cu. This improved

reactivity is likely due to fewer Pt sites being blocked by strong hydrogen adsorption as a result of decreased H,
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1. Introduction

The growing demand for energy resources has stimulated extensive
research on converting biomass into transportation fuels and valuable
chemicals to alleviate the excessive consumption of fossil fuels. Derived
from non-edible lignocellulosic biomass, furfural is currently considered
as one of the most important biomass-derived chemicals that are avail-
able in large volume and high versatility [1,2]. Hydrogenation of furfural
using heterogeneous catalysts has been widely studied as an important
transformation of furfural into value-added products [2]. Furfuryl alco-
hol is the most common hydrogenation product of furfural, with 62%
of furfural produced being transformed into furfuryl alcohol [3]. Furfuryl
alcohol has been found to be useful in the manufacture of many prod-
ucts [3,4], including resins, anti-corrosion plastics, and membranes.

Bimetallic overlayer catalysts with a pseudomorphic metal overlayer
atop a different bulk metal have been shown to possess unique proper-
ties. Computational studies have predicted that the overlayer catalysts
would exhibit decreased d-band center energy and thereby reduced
H, adsorption strength [5,6]. Previous fuel cell and aqueous phase
reforming studies proposed that strongly adsorbed H, or CO would
block Pt active sites and inhibit Pt reactivity [7,8]. It is therefore hypoth-
esized that Pt catalytic reactivity will be improved if the adsorption
strength of H, and CO on Pt is decreased. Such proposal was corroborat-
ed by previous glycerol hydrodeoxygenation study, as the Pt overlayer
atop Ni, Co or Ir showed higher hydrocarbon production reactivity com-
pared to pure Pt [9,10]. This enhancement was ascribed to the weaker
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adsorption strength of overlaying Pt compared to pure Pt, releasing Pt
active sites from strongly adsorbed H, or CO, and increasing reactivity
of Pt in reactions where an excessive amount of H, (or CO) was present.
It was also reported that in furfural hydrogenation, intermediate hydro-
gen coverage on Pd(111) surface is likely to exhibit a lower energy bar-
rier compared to higher hydrogen coverage, and typical reactor
operations tend to induce high hydrogen coverage [11]. Accordingly, it
is proposed that Pt reactivity of furfural hydrogenation could also be im-
proved compared to pure Pt if H, adsorption strength is decreased.
Herein silica-supported Ni@Pt and Cu@Pt (core@shell) overlayer cata-
lysts were synthesized to investigate the effect of reduced H, adsorption
strength of overlayer catalysts on furfural hydrogenation reactivity.

2. Experimental
2.1. Catalyst synthesis

Monometallic parent catalysts (pure Ni, pure Cu, and pure Pt) and
non-structured bimetallic alloy catalysts (Ni-Pt and Cu-Pt) were synthe-
sized using incipient wetness impregnation of silica gel (Sigma-Aldrich,
Davisil Grade 633) (See the Supplementary information for more de-
tails). Two pure Pt catalysts were synthesized: 5 wt.% Pt sample was
used for hydrogen adsorption studies (H, chemisorption and ethylene
hydrogenation), and 0.5 wt.% Pt was used for furfural hydrogenation re-
actions so that the number of Pt active sites per gram of catalyst was
similar to Ni- and Cu-based catalysts. Ni@Pt and Cu@Pt overlayer cata-
lysts were prepared using the directed deposition technique [9,12].
This technique was adapted from the refilling method developed by
Womes et al. [ 13] which was originally used for synthesizing Pt catalysts
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with controlled Pt particle sizes. Detailed procedures can be found in the
Supplementary information.

2.2. Sample characterization studies

Metal loadings were obtained through inductively coupled plasma
atomic emission spectroscopy (ICP-AES) performed in the Geochemis-
try Analytical Laboratory, University of Wyoming. Transmission elec-
tron microscopy (TEM) images were recorded with JEOL JEM-2100F
high-resolution transmission electron microscopes. Hydrogen chemi-
sorption studies were conducted using a Micromeritics ASAP 2020. Hy-
drogen isotherms were gathered at temperatures between 100 °C and
350 °C at pressures ranging from 1 mTorr to 900 Torr. Heats of H, ad-
sorption were calculated using the Clausius-Clapeyron equation for
the ideal gas [14]. Ethylene hydrogenation reactivity was studied as a
descriptor reaction. The details of this reaction are described in the Sup-
plementary information.

2.3. Activity testing

Prior to the reaction, all catalysts were reduced at 400 °C for 3 h. Fur-
fural hydrogenation reactions were performed in a 500 mL Parr 4575
bench top stainless steel reactor. The reactor was loaded with the
isopropanol solvent (100 g), furfural (5 g), and the catalyst (100 mg to
300 mg). The sealed vessel was purged with hydrogen three times to re-
move air before the vessel was pressurized with hydrogen to 100 psi.
The vessel was then heated to 250 °C using a 3 °C/min ramp, with the
stirring speed of 600 RPM. After the ramp, the reaction was allowed to
proceed for 10 h. GC-MS equipped with an Agilent J&W DB-624 column
was used to analyze the liquid sample.

3. Results and discussion
3.1. Catalyst characterization

The elemental analysis of each catalyst obtained from ICP is reported
in Table 1. Metal dispersions determined by total H, chemisorption of
each catalyst at 35 °C are also shown in Table 1 (no distinction was
made as to the metal type). Pt overlayer coverages were calculated as-
suming all platinum in overlayer catalysts is on the surface (100% plat-
inum dispersion). Both Ni@Pt and Cu@Pt showed high overlayer
coverage (>60%). TEM images of Ni@Pt overlayer catalyst can be
found in the Supplementary information as Fig. S1. The distribution of
Pt in Ni@Pt overlayer catalyst was investigated in high-angle annular
dark field scanning transmission electron microscopy (HAADF-STEM)
imaging and energy-dispersive x-ray spectroscopy (EDX) mapping. As
shown in Fig. 1, Pt is highly dispersed on the Ni parent particles without
any sign of Pt agglomeration or Pt particle formation. This result is con-
sistent with previous HAADF-STEM study on Ir@Pt/SiO,-Al,03

Table 1
Metal loading of samples (no distinction was made as to the metal type for dispersion
values).

Sample Result wt.% Dispersion % Calculated % overlayer

Ni/SiO, 4.84 (Ni) 4.90

Ni@Pt 4.72 (Ni) 5.97 63
0.480 (Pt)

Ni-Pt 5.04 (Ni) 15.0
0.287 (Pt)

Cu/Sio, 5.66 (Cu) 0.541

Cu@prt 4.82 (Cu) 0.371 60
0.0451 (Pt)

Cu-Pt 5.03 (Cu) 0.510
0.100 (Pt)

Pt/SiO, (adsorption) 4.48 (Pt) 37.8

Pt/SiO, (reactivity) 0.485 (Pt) 445

Fig. 1. (a) HAADF-STEM image of Ni@Pt, and (b) EDX elemental mapping of the Ni@Pt
marked in (a).

synthesized by the same procedure, showing that the deposited Pt
overlayer is more concentrated on the surface (or edge) than in the
bulk [10].

3.2. Adsorption studies

The heat of hydrogen adsorption determined using the Clausius-
Clapeyron equation is shown in Table 2 (no distinction was made as
to the metal type). Pure Pt showed the highest hydrogen heat of adsorp-
tion, while both Ni@Pt and Cu@Pt displayed reduced heats of adsorption
compared to pure Pt. Computational studies predicted weakened ad-
sorption strength of a Pt overlayer atop Ni or Cu compared to the Pt-
only catalyst, due to a decrease in the d-band center energy of overlay-
ing Pt [15]. Decreased heats of H, adsorption for both overlayer catalysts
observed in this study are consistent with literature predictions.

Ethylene hydrogenation reactivity has been correlated with hydro-
gen adsorption strength at low hydrogen coverage [9,12,16]. Although
it has been proposed that hydrogen could block catalytic active sites in

Table 2
Calculated heat of H, adsorption using the Clausius-Clapeyron equation and the measured
ethylene hydrogenation turnover frequency (TOF) at 273 K.

Catalyst Heat of H, adsorption kj/mol Measured ethylene hydrogenation
TOF s~!

Ni/SiO, 41 0.00731

Ni@Pt 44 1.154

Ni-Pt 49 0.0132

Cu/Si0, 19 0.0250 (313 K)

Cu@Pt 14 0.114 (313 K)

Cu-Pt 21 0.0812 (313 K)

Pt/SiO, 51 6.84
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other reactions [7,8], no evidence was observed showing that such an
inhibitive effect of strong hydrogen binding is also present in ethylene
hydrogenation. Therefore, ethylene hydrogenation reactivity is used as
a descriptor for hydrogen adsorption strength and hydrogen surface
coverage. Turnover frequencies (TOF) of ethylene hydrogenation over
all catalysts are shown in Table 2. All turnover frequencies for monome-
tallic catalysts (pure Ni, Cu, and Pt) and bimetallic alloys (Ni-Pt and Cu-
Pt) were calculated based on metal active sites determined with metal
loading and hydrogen dispersions (Table 1). Because pure Pt was
much more active in ethylene hydrogenation than pure Ni or pure Cu,
it is reasonable to attribute all the reactivity of overlayer catalysts to
the Pt overlayer present. For overlayer samples, turnover frequencies
were normalized using Pt loadings determined from elemental analysis
and assuming 100% of dispersion of the Pt. Because the reactivity of pure
Cu, Cu@Pt and Cu-Pt was below detection at 273 K, TOF at 313 K for pure
Cu, Cu@Pt and Cu-Pt are presented in Table 2. Both Ni@Pt and Cu@Pt
overlayer catalysts showed lower ethylene hydrogenation TOF than
pure Pt. Previous studies have established a positive relationship be-
tween hydrogen adsorption strength and ethylene hydrogenation reac-
tivity [9,16]. In this respect, this decreased TOF in ethylene
hydrogenation of overlayer catalysts, as well as reduced heats of H, ad-
sorption from H, chemisorption, indicated reduced H, binding strength
of Ni@Pt and Cu@Pt compared to the pure Pt [5]. Non-structured alloy
catalysts (Ni-Pt and Cu-Pt) showed different heats of H, adsorption
and ethylene hydrogenation reactivity compared to the corresponding
overlayer catalyst. This demonstrates the intrinsic difference in struc-
ture and property between bimetallic alloys and overlayer catalysts.

3.3. Furfural hydrogenation

The result of furfural hydrogenation at 250 °C after 1.5 h of reaction
is summarized in Table 3. Turnover frequencies for furfural conversion
of all catalysts in Table 3 were calculated based on the amount of total
exposed metal sites determined from H, chemisorption at 308 K (no ef-
fort was made to distinguish the reactivity of Pt sites and parent metal
sites). Furfuryl alcohol, the desired product, was produced predomi-
nantly for most catalysts under the reaction condition (with exceptions
being Ni@Pt and Ni-Pt), indicating that the hydrogenation of the C=0
double bond was the dominant reaction for most catalysts. Pure Ni
and pure Pt showed higher selectivity toward furan than pure Cu, indi-
cating stronger decarbonylation reactivity of pure Ni and pure Pt. This is
consistent with previous literature observations, reporting that pure Ni
and pure Pt were more reactive in C—C bond scission than pure Cu [17-
20]. Pure Cu showed furfuryl alcohol selectivity of 94%, which was sim-
ilar to the 98% selectivity Sitthisa and Resasco obtained at 230 °C with
10 wt.% Cu/SiO, [19].

Ni@Pt showed a higher TOF than pure Ni, but similar to pure Pt. Al-
though the dispersion of Ni@Pt was different from the pure Pt, previous
Re@Pd/y-Al,03 overlayer catalysts showed that the dispersion (or par-
ticle size) difference was not dominant in determining the overlayer ad-
sorption strength and catalyst reactivity [21]. Therefore, it is probable

Table 3

Turnover frequencies and selectivity values for furfural conversion at 1.5 h.
Catalyst Furfural TOF h—! Product selectivity mol % Carbon

conversion Furfuryl ~ Furan 2-Methylfuran balance %
alcohol

Ni 9.6% 564 78.9% 19.6% 1.4% 88
Ni@Pt  43.3% 2297 38.5% 60.8% 0.6% 109
Ni-Pt 44.1% 912 46.4% 53.0% 0.6% 86
Cu 14.2% 3859 94.4% 44%  1.1% 116
Cu@Pt  15.3% 11,015 90.5% 8.1% 1.3% 102
Cu-Pt 16.4% 4229 86.8% 11.3% 1.9% 86
Pt 12.5% 2430 55.8% 43.1% 1.1% 112

(Reaction conditions: furfural = 5 g, 2-propanol solvent = 100 g, catalyst = 100-300 mg,
reaction temperature = 250 °C, H, pressure = 6.9 bar, stirring speed = 600 rpm).
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Fig. 2. Correlation between furfural conversion TOF of surface Pt sites and heats of H,
adsorption for studied platinum overlayer catalysts and pure Pt.

that Pt sites in Ni@Pt were more reactive than Pt sites in pure Pt, because
by normalizing TOF on the total number of sites, the inclusion of the less
active Ni sites decreased the reported TOF. Cu@Pt displayed a higher
TOF in furfural conversion than either pure Pt or pure Cu. In order to
separate out the specific reactivity of surface Pt sites in both overlayer
catalysts, furfural conversion TOF of surface Pt sites of Ni@Pt and Cu@
Pt were also calculated. This was done by subtracting the parent metal
contribution from overall furfural conversion rates and normalizing re-
maining rates with the number of platinum atoms based on platinum
overlayer coverages from Table 1 (details can be found in the Supple-
mentary information). A correlation of furfural conversion TOF of sur-
face Pt sites of both overlayer catalysts and pure Pt vs. their hydrogen
heat of adsorption is shown as Fig. 2. It can been seen that as hydrogen
adsorption strength decreased, furfural conversion TOF of surface Pt
sites increased. Previous aqueous phase reforming and
hydrodeoxygenation studies have proposed that H, would bind strong-
ly to the Pt surface, resulting in a decrease in available catalytic active
sites [7,8,22]. In this respect, weakened adsorption strength of H, or
CO on Pt sites could result in enhanced Pt reactivity. Density functional
theory calculations also suggested that the furfural reaction rate would
exhibit a maximum at intermediate hydrogen coverage [11]. Therefore,
it is speculated that by reducing the adsorption strength of Pt active
sites, Pt reactivity in furfural conversion could be improved. In this
study, the correlation in Fig. 2 corroborated this hypothesis. The reduc-
tion of H, adsorption strength could release more Pt sites from the
strongly adsorbed H, (or CO), so that reactivity of overlayer catalysts
in furfural hydrogenation was enhanced from pure Pt.

Fig. 3 shows the selectivity toward furfuryl alcohol as a function of
reaction time. Detailed conversion and product selectivity for all cata-
lysts can be found in the Supplementary information (Fig. S2-S8).
Both Cu and Cu@Pt displayed high selectivity (>92%) toward furfuryl al-
cohol throughout the experiment. Such high furfuryl alcohol selectivity
of Cu@Pt demonstrated the promising potential of overlayer catalysts in
catalytic reactions, especially considering the low platinum loading in
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Fig. 3. Selectivity toward furfuryl alcohol in furfural hydrogenation.
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Cu@Pt (around 0.05 wt.%). Combined with the TOF enhancement as
shown in Table 3 and Fig. 2, both high reactivity and high selectivity
were achieved at the same time with the Cu@Pt overlayer catalyst. As
shown in Fig. S4, Ni@Pt displayed lower furfuryl alcohol selectivity but
higher furan selectivity than either pure Pt or pure Ni. Previous research
has demonstrated the possibility of overlayer catalysts exhibiting prop-
erties that were beyond the pure components [23,24]. The behaviors of
Ni@Pt for furfural hydrogenation also exhibited distinct selectivity but
similar reactivity with overlayer catalysts compared to the pure metal
components.

Cu@Pt showed selectivity toward furfuryl alcohol similar to pure Cu
and higher than pure Pt. High furfuryl alcohol selectivity of Cu@Pt was
an indication of increased furfuryl alcohol selectivity of the Pt overlayer
compared to pure Pt, since the Pt overlayer coverage was above 60% in
Cu@Pt as shown in Table 1. Density function theory (DFT) calculations
showed that furfural adsorbed on the Pt and Pd surface through unsat-
urated C=0 and C=C bonds, with the furan ring parallel to the surface
[25], and such adsorption geometry was believed to facilitate
decarbonylation reactions [26,27]. Resasco et al. observed increased se-
lectivity toward furfuryl alcohol when alloying Pd with Cu, and such be-
havior was explained by the reduced d-band center energy and weaker
binding strength, so that C=0 and C=C bond affinity to the surface was
weakened [26]. This conclusion likely also applies to the current study,
as the adsorption strength was significantly reduced from pure Pt to
Cu@Pt (from 51 kJ/mol for H, on Pt to 14 kJ/mol for H, on Cu@Pt).
With weakened adsorption on Cu@Pt, it is speculated that binding
strength of C=C and C==0 to the surface was also reduced, so that the
interaction with the electronegative oxygen atom from the furfural mol-
ecule became more dominant, leading to increased reactivity of hydro-
genation reactions [28].

4. Conclusions

Silica-supported bimetallic Ni@Pt and Cu@Pt overlayer catalysts
were synthesized using the directed deposition technique. H, chemi-
sorption and ethylene hydrogenation reactivity indicated that H, ad-
sorption strength of overlaying Pt in Ni@Pt and Cu@Pt was reduced
from the pure Pt, in agreement with literature predictions. Both
overlayer catalysts showed higher reactivity in furfural conversion com-
pared to their parent metals. This enhancement could be ascribed to the
reduced binding strength of H, on Pt surface, resulting in fewer Pt sites
blocked by the strong H, adsorption and increased Pt reactivity. Also,
high furfuryl alcohol selectivity was obtained with the Cu@Pt overlayer
catalyst as well as higher reactivity. This suggests the advantage of Pt
overlayer catalysts to improve the reactivity without sacrificing the
selectivity.
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Appendix A. Supplementary data

The monometallic, bimetallic alloy and overlayer sample synthesis
procedures, ethylene hydrogenation experiment detail, transmission
electron microscopy (TEM) images of Ni@Pt, and detailed furfural con-
version and selectivity results are provided in the Supplementary infor-
mation. Supplementary data associated with this article can be found in
the online version, at http://dx.doi.org/10.1016/j.catcom.2016.10.023.
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