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Efficient D-Xylose Hydrogenation to D-Xylitol over a

Hydrotalcite-Supported Nickel Phosphide Nanoparticle

Catalyst

Sho Yamaguchi,””” Tomoo Mizugaki,® !

The hydrogenation of D-xylose is an industrially reliable method
for preparing D-xylitol, which is a commonly consumed
chemical. Herein, we report the highly efficient and selective
hydrogenation of D-xylose to D-xylitol in water over a hydro-
talcite (HT: MgeAl,CO5(OH),4 - 4(H,0))-supported nickel
phosphide nanoparticle catalyst (nano-Ni,P/HT). The HT support
drastically increased the catalytic activity of the nano-Ni,P,
enabling D-xylitol synthesis under mild reaction conditions.

Introduction

D-Xylitol, which can be obtained from various biomass
resources,””’ is valuable and ubiquitous in the food, cosmetic,
and pharmaceutical industries.” For example, D-xylitol is the
most popular “natural” sweetener in gums, sweets, and tooth-
pastes, with an estimated 340 million dollar market, thereby
representing one of the top-twelve value-added biomass
derivatives®¥ The hydrogenation of D-xylose is a reliable
method for the production of D-xylitol, because D-xylose can
be obtained from the hydrolysis of beechwood hemicelluloses,
which are one of the cheapest and most earth-abundant carbon
resources. To date, this reaction has been performed over non-
precious metal-based heterogeneous catalysts, such as Ni®™®
and Co.l'"™ In this context, sponge Ni catalysts (Raney Ni
catalysts) are widely used as industrial catalysts. However,
sponge Ni catalysts suffer from low activities, requiring relatively
high H, pressures of 40-70bar to give successful
transformations."" " Moreover, these catalysts have the serious
drawback of pyrophoricity, rendering their handling difficult
under an anaerobic atmosphere during the activation, oper-
ation, separation, and reuse of the catalysts.™'® Alternatively,
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Notably, the selective hydrogenation of D-xylose to D-xylitol
proceeded even under 1 bar of H, or at room temperature for
the first time. The nano-Ni,P/HT catalyst also exhibited the
highest activity among previously reported non-noble metal
catalysts, with a turnover number of 960. Moreover, the nano-
Ni,P/HT catalyst was reusable and applicable to a concentrated
D-xylose solution (50 wt %), demonstrating its high potential for
the industrial production of D-xylitol.

noble-metal-based catalysts, such as those based on Ru"’

and Pt?? have recently been studied for the hydrogenation
of D-xylose, but the high costs and low abundances of these
noble metals have severely impeded their application. Thus, the
development of non-noble metal-based catalysts that are easy
to handle and exhibit high activities, a lack of pyrophoricity,
and can be readily reused is challenging. If such catalysts could
be obtained, they would be expected to strongly contribute to
the establishment of a green and sustainable D-xylose hydro-
genation process.

In heterogeneous catalysts, such as supported metal nano-
particle catalysts, it is well known that the modulation of
supports is crucial for designing highly active nanostructured
catalysts, where the metal and support cooperatively function
to activate the substrates and reagents in proximity.®” How-
ever, cooperative catalysis between metal phosphides and
supports has rarely been reported. Nevertheless, we recently
developed supported non-precious metal phosphide nano-
particles for use in diverse hydrogenation reactions.”'" In
particular, hydrotalcite (HT: MgzAl,CO;(OH),¢-4(H,0))-supported
nickel phosphide nanoparticles (nano-Ni,P/HT) served as a
highly active, air-stable, and reusable catalyst for the hydro-
genation of D-glucose and maltose to the corresponding sugar
alcohols.*®*¥ |n this context, the combination of nano-Ni,P and
HT played a key role in the high catalytic performance, where
nano-Ni,P activates H,, while HT acts as an electron donor to Ni
and as an activator of the sugar C=0 moiety, thereby facilitating
the hydrogenation reaction. Focusing on the cooperative
catalysis of nano-Ni,P/HT, we envisaged that the nano-Ni,P/HT
catalyst would be applicable for the hydrogenation of D-xylose
to D-xylitol. In this report, we demonstrate the use of nano-
Ni,P/HT to catalyze the hydrogenation of D-xylose to obtain D-
xylitol in water. The catalytic activity of nano-Ni,P/HT is
evaluated under various conditions, including in a concentrated
D-xylose solution (50 wt%), and is compared with those of
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Figure 1. () XRD patterns of nano-Ni,P and Ni,P (JCPDS No. 03-0953). (b) HAADF-

mapping of (c) Ni and (d) P in nano-Ni,P/HT, and (e) composite overlay of (c) and

conventional Ni and Ru catalysts, in addition to other previously
reported catalysts.

Results and Discussion

The X-ray diffraction (XRD) pattern of nano-Ni,P displays four
main peaks indexed to the hexagonal Ni,P phase (JCPDS No.
03-0953) (Figure 1a).*” A representative high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) image of nano-Ni,P/HT shows the formation of spherical
particles with an average diameter of 5.3 nm (Figure 1b).
Energy-dispersive X-ray (EDX) spectroscopy with elemental
mapping images confirmed the homogeneous distribution of
Ni and P atoms in the nano-Ni,P, wherein the molar ratio of Ni
to P was determined to be ~2:1 (Figures 1c-1f). These results
demonstrate that spherical Ni,P nanoparticles are dispersed on
the HT. In addition, the results of inductively coupled plasma
atomic emission spectrometry (ICP-AES) revealed that the
loading amount of Ni on the nano-Ni,P/HT is 0.91 wt%
(Table S1). Furthermore, Figure 2 shows the X-ray photoelectron
spectroscopy (XPS) results for the nano-Ni,P/HT. More specifi-
cally, Ni signals ascribed to Ni 2p;,, and Ni 2p,,, are detected at
852.4 and 869.4 eV, respectively, in the Ni 2p region (Figure 2a).
These binding energies are similar to those of Ni 2p,,, (852.6 eV)
and Ni 2p,,, (870.0 eV) for Ni metal.*” On the other hand, the P
2p region displays two peaks at 129.2 and 132.3 eV (Figure 2b),
wherein the binding energy of the former is close to that of P°
(130.0 eV), indicating that the state of P in nano-Ni,P/HT is P°"
(0<d<1). The latter peak is ascribed to the PO,*~ species
arising from the superficial oxidation of nano-Ni,P. The Ni K-
edge X-ray absorption near edge structure (XANES) spectrum of
nano-Ni,P/HT is shown in Figure S1, along with those of Ni foil
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STEM image of nano-Ni,P/HT (inset: size distribution histogram). Elemental
(d). (f) EDX analysis of the nano-Ni,P particles on the HT support.
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Figure 2. (a) Ni 2p and (b) P 2p XPS spectra of nano-Ni,P/HT.

and NiO as references.®®* The absorption edge energy of
nano-Ni,P/HT was found to be close to that of Ni foil, thereby
suggesting that the Ni species in nano-Ni,P/HT are present in a
metal-like state, which is consistent with the XPS analysis.

The hydrogenation of D-xylose was then performed using
supported and unsupported-Ni,P catalysts in water at 100°C
under 20 bar H, (Table 1). It is noteworthy that nano-Ni,P/HT
exhibited a high activity, affording D-xylitol in a >99% yield
(Table 1, entry 1). In sharp contrast, use of the unsupported
nano-Ni,P resulted in almost no conversion of D-xylose (Table 1,
entry 2). We also confirmed that HT itself did not produce D-
xylitol but caused the isomerization of D-xylose to xylulose
(Table 1, entry 3).* This demonstrates that the HT support
drastically improved the catalytic activity of nano-Ni,P by more
than 100 times. Importantly, nano-Ni,P/HT operated well under
milder conditions than previously reported. Indeed, nano-Ni,P/
HT is the first example of a catalyst for the efficient and high-
yielding hydrogenation of D-xylose at ambient temperature or
under 1 bar H, pressure, when the appropriate catalyst amount,
H, pressure, and reaction time was employed for each condition

© 2021 Wiley-VCH GmbH
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Table 1. Hydrogenation of D-xylose using various catalysts.”’ A gram-scale hydrogenation of D-xylose with nano-Ni,P/HT
OH OH (1.0 mol %) was then carried out, wherein 2.0 g of D-xylose was
W Catalyst W converted to D-xylitol in 98% yield (Scheme 1a). Interestingly,
A
HO O H, (20 bar), 100°C, 2h HO H OH upon decreasing the amount of nano-Ni,P/HT to 0.10 mol %,
o)'(-|| OH o « IOT 2.0 g of D-xylose was successfully converted to D-xylitol in 96 %
e b Cyosle vl " DE;(' IY'tIO_ o yield, with a turnover number (TON) of 960 (Scheme 1b). This
t talyst - ! -Xylit . .
hitd atalys ylose conv yitolyie TON value is the highest among those reported for non-noble
1 nano-Ni,P/HT >99 >99 metal catalysts.®®'*'? Furthermore, the activity of nano-Ni,P/HT
g D?rno'N'zp 3<71 21 was tested in a concentrated D-xylose solution, since the
4 nano-Ni,P/HT ~99 ~99 applicability of such a catalyst to a concentrated solution is
5 nanO-NizP/HlT 99 87 crucial for industrial applications. Notably, nano-Ni,P/HT oper-
6 nano-Ni,P/Al,O; >99 94 . o ~ . ol .
. nano-Ni.P/MgO 209 o ated VYG" in a 50 wt% D-xylose solution to afford D-xylitol in
8 nano-Ni,P/Zr0, 9% 38 88% yield (Scheme 1c).
9 nano-Ni,P/TiO, 3 2 One of the most important advantages of heterogeneous
10 nano-Ni,P/Si0, ! ! catalysts is their convenient recyclability. However, previously
11 nano-Co,P/HT 49 4 ' !
12 Ni/HT 69 3 reported non-noble metal catalysts for D-xylose hydrogenation
13 Ni/HT-Red 92 2 have inevitably required pretreatment with H, at high temper-
1‘5‘ 237?’ Ni ;g ‘;’Z atures for their activation. In contrast, nano-Ni,P/HT was easily
recovered by filtration after the reaction and was found to be
[a] Reaction conditions: D-xylose (0.5 mmol), catalyst (6.2 mol% metal), reusable without any necessity for pre-treatment. Indeed. four
H,O (3 mL). [b] Determined by HPLC analysis using sucrose as the internal ) . y Yy .p ) N !
standard; given as %. [c] Catalyst (12.4 mol% Ni), H, (50 bar), 25°C, 72 h. successive reaction cycles were achieved with a slight decrease
[d] H, (1 bar), 100°C, 12 h. in the D-xylitol yield (Figure 3a). To obtain more detailed

(Table 1, entries 4 and 5). We also found that nano-Ni,P/AlL,O,
served as an active catalyst (Table 1, entry 6), while nano-Ni,P
supported on MgO and ZrO, provided high conversions of D-
xylose, although lower selectivities were obtained compared to
the case of nano-Ni,P/HT (Table 1, entries 7 and 8) due to the
formation of unidentified insoluble by-products (Table S2). TiO,
and SiO, supports were not effective, resulting in low
conversions of D-xylose (<3%) (Table 1, entries9 and 10).
Unlike nano-Ni,P/HT, the nano-Co,P/HT catalyst provided only
trace amounts of D-xylitol (Table 1, entry 11). These results
clearly demonstrate that the combination of nano-Ni,P and the
HT support is key to achieving the highly efficient and selective
hydrogenation of D-xylose to D-xylitol. The high catalytic
performance of nano-Ni,P/HT may be due to the cooperative
catalysis by nano-Ni,P and HT, which activate H, and the (=0
moiety of D-xylose, respectively.?>383%

Subsequently, the catalytic activity of nano-Ni,P/HT in the

information regarding the catalyst reusability, we further
investigated the initial rate at an incomplete reaction time
(30 min) in the recycling experiments. It was found that the
yields of D-xylitol obtained at this point (diamond symbols in
Figure 3a) using the fresh and reused catalysts were similar,
indicating the durability of nano-Ni,P/HT. Furthermore, a hot-
filtration experiment was performed to check the leaching of
the metal species during the reaction (Figure 3b). After the
removal of nano-Ni,P/HT by filtration at a 30% conversion of D-
xylose, the filtrate was treated under similar reaction conditions,
with no additional D-xylitol being observed in the filtrate. ICP-
AES analyses showed that the amounts of Ni in the fresh and
spent catalysts were the same, confirming that Ni leaching did
not occur during D-xylose hydrogenation (Table S1). Following
the reaction, XPS, TEM, and EDX were carried out to investigate
the stability of the nano- Ni,P/HT catalyst. In the XPS Ni 2p
spectrum of the spent nano- Ni,P/HT, two peaks can be seen at

hydrogenation of D-xylose was compared with those of conven- OH nano-NipP/HT (1.0 mol%) OH
tional Ni catalysts. Ni/HT and its H,-treated Ni/HT-Red were HO SO ater 8 mi). M, @0ba HO oH @
investigated as model catalysts for NiO, and Ni(0) nanoparticles, OH OH 100°C, 48 h OH OH
respectively (Table 1, entries 12 and 13). Both catalysts resulted @09) Yield: 98%
in extremely low yields of D-xylitol, accompanied by the OH nano-Ni,P/HT (0.10 mol%) OH
production of an unidentified insoluble component. Raney HO SO ater 8 mi). M, 50 ba HO oH ®
Ni,'""" which is commonly used in industrial sugar hydro- OH OH 80°C, 36 h OH OH
genation processes, exhibited a high selectivity for D-xylitol, but @09 Yield: 96%, TON: 960
its activity was significantly lower than that of nano- Ni,P/HT OH nano-NipP/HT (1.0 mol%) OH
(Table 1, entry 14). Ru/C, which is a representative example of a HO SO water @ml). H, g0 bary HO oH ©
commercially available noble metal catalyst, provided a slightly OH OH 100 °C, 20 h OH OH

(2.0 g, 50 wt%) Yield: 88%

lower yield of D-xylitol than that obtained using nano-Ni,P/HT
(Table 1, entry 15). These results suggest that the catalytic
performance of nano-Ni,P/HT is comparable to those of noble
metal-based catalysts.
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Scheme 1. Gram-scale hydrogenation using (a) 1.0 mol% and (b) 0.10 mol %
nano-Ni,P/HT. (c) Hydrogenation of D-xylose at a solution concentration of

50 wt%. The D-xylitol yield was determined by HPLC analysis using sucrose

as the internal standard.
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Figure 3. (a) Evaluation of the nano-Ni,P/HT-catalyzed hydrogenation of D-
xylose over 5 catalytic cycles. Reaction conditions: D-xylose (0.25 mmol),
nano-Ni,P/HT (200 mg, 6.2 mol % Ni) (0.91 wt % Ni loading), H,0 (3 mL), H,
(20 bar), 100°C, reaction time=2 h (red bars) or 30 min (white diamonds).
(b) Hot filtration experiment of nano-Ni,P/HT: (orange dots) without filtration
of the catalyst and (blue triangles) with removal of the catalyst by hot
filtration after approximately 20 min. Reaction conditions: D-xylose

(0.25 mmol), nano-Ni,P/HT (200 mg, 6.2 mol % Ni) (0.91 wt% Ni loading), H,0
(3 mL), H, (20 bar), 100°C.

852.4 and 869.4 eV, which are similar to those observed for the
fresh nano-Ni,P/HT (Figure 2 and Figure S2). TEM and EDX
analyses of the spent nano-Ni,P/HT show that both the average
particle diameter and the Ni/P molar ratio of the spherical
nano-Ni,P species are close to those of the fresh catalyst
(Figure S3 and Figure S4). Overall, these results strongly support
the high stability of the nano-Ni,P/HT catalyst.

Table 2 summarizes our comparison carried out between
nano-Ni,P/HT and some previously reported non-noble metal
catalysts in terms of their catalytic performances for the
hydrogenation of D-xylose. nano-Ni,P/HT clearly outperformed
the reported catalysts in terms of a quantitative synthesis of D-
xylitol (Table 2, entry 1 vs. entries 6-12), mild operating con-
ditions (Table 2, entries 2 and 3), applicability to a concentrated
D-xylose solution (Table 2 entry 4 vs. entries6 and 7), and a
more than 10-fold higher TON value (Table 2, entry5 vs.
entry 6). Hence, nano-Ni,P/HT has great potential for use as an
alternative to conventional catalysts for the production of D-
xylitol.

Conclusion

We achieved the highly efficient and selective hydrogenation of
D-xylose to D-xylitol in water over an hydrotalcite (HT)-
supported nickel phosphide (Ni,P) nanoparticle catalyst. Inter-
estingly, while neither nano-Ni,P nor HT functioned as a
catalyst, the nano-Ni,P/HT combination exhibited an excellent
catalytic performance in the hydrogenation of D-xylose in terms
of its activity and stability. The high activity of nano-Ni,P/HT
was also demonstrated in the hydrogenation of D-xylose with
only 1 bar of H, or at room temperature. Moreover, the success
of the hydrogenation of a concentrated D-xylose solution
(50 wt%), in addition to a high catalyst durability, and the easy
handling of nano-Ni,P/HT verifies its potential for use in
practical applications. Previously, cooperative catalysis between
metal phosphides and supports has not been well studied;
however, our results indicated that the combination of a metal
phosphide and a support is a promising method for designing
nanostructured catalysts with high activities and stabilities for
diverse reaction applications.

Experimental Section

Preparation of nano-Ni,P/Support

Under an argon atmosphere, a Schlenk flask equipped with a
stirring bar was charged with Ni(acac), (1.0 mmol), CH;(CH,);sNH,
(10 mmol), and P(OPh); (10 mmol). The reaction mixture was heated
to 315°C at a rate of 30°Cmin~' and maintained at this target
temperature for 2 h. After cooling the reaction mixture to room
temperature, acetone (10 mL) was added to precipitate the black
solid which was then washed with a CHCl;-acetone (1:1, v/v)
mixture (10 mL). The obtained solid was dried in vacuo to yield
nano-Ni,P (90 mg) as a black powder. Loading nano-Ni,P on HT was
as follow: HT (1.0g) was added to a suspension of nano-Ni,P
(30 mq) in n-hexane (100 mL). After stirring the mixture overnight
at room temperature, the precipitate was filtered and the obtained
solid was dried in vacuo to afford nano-Ni,P/HT (1.0 g) as a gray
powder. For comparison of the catalytic activity of nano-Ni,P/HT
with other catalysts, nano-Ni,P supported on other metal oxides
(i.e., Al,O;, MgO, ZrO,, TiO,, or SiO,) in addition to Co phosphide
nanoparticles supported on HT (nano-Co,P/HT), were also prepared
in a similar manner to nano-Ni,P/HT (see the Supporting Informa-
tion). Ni/HT and its H,-reduced form (Ni/HT-Red) were also

Table 2. Comparison with previous reports for the D-xylose hydrogenation reaction.

Entry Catalyst Conditions D-xylitol yield [%] TON Ref.

1 nano-Ni,P/HT 2.4 wt% D-xylose, 6.2 mol % Ni, 100°C, 20 bar H,, 2 h >99 16 This work
2 nano-Ni,P/HT 2.4 wt% D-xylose, 6.2 mol % Ni, 100°C, 1bar H,, 12 h 87 14 This work
3 nano-Ni,P/HT 2.4 wt% D-xylose, 12.4 mol % Ni, 25°C, 50 bar H,, 72 h >99 8 This work
4 nano-Ni,P/HT 50wt % D-xylose, 1.0 mol% Ni, 100°C, 50 bar H,, 20 h 88 88 This work
5 nano-Ni,P/HT 20 wt% D-xylose, 0.1 mol % Ni, 80°C, 50 bar H,, 36 h 96 960 This work
6 Co/SiO, 33 wt% D-xylose, 1.3 mol% Co, 140°C, 50 bar H,, 4 h 90 71 [10]

7 Raney Ni 52 wt% D-xylose, 7.9 mol% Ni, 130°C, 70 bar H,, 1-2 h 73 5 [12]

8 Ndj5Ceq5Alg16,Nig 83503 4.0 wt% D-xylose, 8.1 mol% Ni, 100°C, 25 bar H,, 1-2 h 10 - [7]

9 La,;Cey;Alg15Nig 5,05 1.2 wt% D-xylose, 8.0 mol% Ni, 100°C, 25 bar H,, 4 h 50 4 [5]

10 LaAly;gNig 5,05 1.6 wt% D-xylose, 8.0 mol% Ni, 100°C, 25 bar H,, 4 h 30 2 [6]

1 Raney Ni 4.8 wt% D-xylose, 9.3 mol% Ni, 100°C, 40 bar H,, 2 h 62 6 [8]

12 Ni/SiO, 4.8 wt% D-xylose, 9.3 mol% Ni, 100°C, 40 bar H,, 2 h 73 7 [8]
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synthesized as models for the Ni(ll) and Ni(0) catalysts, respectively
(Figure S5 and Figure S6).

Reaction Procedure

In a typical experiment (Table1 entry 1), D-xylose (75 mg,
0.5 mmol), nano-Ni,P/HT (200 mg, 31 pmol Ni), and water (3 mL)
were added to a 50 mL stainless steel autoclave equipped with a
Teflon inner vessel. The reactor was closed, purged several times
with H,, and pressurized at 20 bar. After heating at 100°C for 2 h
with stirring at 800 rpm, the autoclave was cooled to 25°C, and H,
gas was vented from the outlet. Sucrose was then added to the
reaction mixture as an internal standard, the solid component was
separated by centrifugation, and the reaction mixture was analyzed
by HPLC. For further experimental details including experimental
procedures and spectral data, see the Supporting Information.
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The hydrogenation of D-xylose to D-
xylitol proceeded efficiently over hy-
drotalcite-supported nickel
phosphide nanoparticles (nano-Ni,P/
HT), which outperformed conven-
tional catalysts and enabled D-xylose
hydrogenation even under 1 bar H,
or ambient temperature for the first
time. Moreover, nano-Ni,P/HT was
reusable, and operated well in a con-
centrated D-xylose solution

(50 wt %).
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