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Synergistic effect between Ni and M (M = Ru, Rh and Pd) enables a series of effective bimetallic catalysts

ABSTRACT: In this paper, NiRu, NiRh, and NiPd catalysts were synthesized and evaluated in the hydrogenolysis of lignin C—
O bonds, which is proved to be superior over single-component catalysts. The optimized NiRu catalyst contains 85% Ni and 15%
Ru, composed of Ni surface-enriched, Ru—Ni atomically mixed, ultrasmall nanoparticles. The NigsRu catalyst showed high
activity under low temperature (100 °C), low H, pressure (1 bar) in -O-4 type C—O bond hydrogenolysis. It also exhibited
significantly higher activity over Ni and Ru catalysts in the direct conversion of lignin into monomeric aromatic chemicals.
Mechanistic investigation indicates that the synergistic effect of NiRu can be attributed to three factors: (1) increased fraction of
surface atoms (compared with Ni), (2) enhanced H, and substrate activation (compared with Ni), and (3) inhibited benzene
ring hydrogenation (compared with Ru). Similarly, NiRh and NiPd catalysts were more active and selective than their single-
component counterparts in the hydrogenolysis of lignin model compounds and real lignin.

KEYWORDS: lignin, hydrogenolysis, NiRu, aromatic chemicals, bimetallic

B INTRODUCTION

Lignin, composing 15—30 wt % of lignocellulosic biomass and
carrying 40% of its energy, is an attractive fraction in the woody
biomass in future biorefinery.' The major repeating units of
lignin are orthomethoxy-substituted C, phenolic moieties, which
are cross-linked by C—O bonds, including $-O-4, a-O-4, and 4-
0-5 linkages (see Figure 1), and additionally by C—C bonds.”
Because of this unique structure, lignin represents an ideal
renewable source for the production of value-added aromatic
chemicals.® Hydrogenolysis of C—O linkages in lignin, in which
H, is used to cleave the C—O bond over a metal catalyst, is
regarded as an effective way to transform lignin into
depolymerized aromatic platform compounds.* Unfortunately,
several technological and scientific breakthroughs, such as the
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development of highly effective catalyst, are required to make
lignin hydrogenolysis industrially viable.’

Despite the long-standing practice of metal-catalyzed lignin
hydrogenolysis,® the catalyst-designing strategy remains limited.
A wide variety of catalysts, based either on noble” or non-noble
metals,® have been attempted. Noble metal catalysts typically
include Ru, Rh, Pd, or Pt loaded on various supports. For
example, Ru on activated carbon was used to convert wood lignin
and cornstalk into phenolic compounds and alkanes in a water—
dioxane” or water—ethanol mixture.'® A combination of Pd/C
and HZSM-5 catalysts were used to convert a f-O-4 model
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Figure 1. -O-4 (la—c), a-O-4 (2), and 4-O-S (3) lignin model

compounds used in this study.

compound to C4-cyclohexane and Cg-ethylcyclohexane at 200
°C under 5 MPa H,."" A homogeneous ruthenium—xantphos
catalyst was employed for hydrogenolysis of lignin model dimers
at 135 °C for 20 h in toluene with a high yield of hydrogenolysis
products.” Although noble metal catalysts show promising
activity and efliciency, these low-abundance, precious elements
are not suitable as predominant catalyst components in large-
scale processes, such as lignin transformation. In addition, noble
metal catalysts generally exhibit undesired activity in benzene
ring hydrogenation,'” leading to extra consumption of hydrogen
and decreased yield of targeted aromatic chemicals.

Non-noble metal catalysts are mainly based on Cu;"® Fe;'*
and, in particular, Ni.'s Ni is widely used as a hydrogenation
catalyst because of its low cost and moderate activity. However,
the application of Ni for lignin hydrogenolysis has not received
considerable attention until recently. In 2011, a soluble nickel
carbene complex, which attains high selectivity of aromatic
products in organic solvents, was adopted as the catalyst for the
hydrogenolysis of 4-O-5 type of lignin model compounds.'>
Heterogeneous Ni catalysts, such as Ni/K,CO;/ZrO,, have been
used to cleave the C—O bonds in lignin, but they are effective
only under severe conditions (240—400 °C, 25—32 MPa
H,).!s*™4 Following that, hydrogenolysis of lignin model
compounds and real lignin over Ni/HZSM-S catalyst under
moderate conditions (250 °C, S MPa H,) was demonstrated."*
Ni/Si0,'*® and Ni/C"*f catalysts were reported to promote
lignin hydrogenolysis under milder conditions in environ-
mentally benign solvents (120—200 °C, 6—50 bar H, in water
or ethylene glycol). Recently, lignin depolymerization by Ni on
layered double hydroxide catalysts was developed.'® Never-
theless, further improvements of Ni-based catalysts is desirable
because of the limited activity at low temperatures (generally
inactive at temperatures below 120 °C) and poor dispersion of
the Ni catalyst.

Very recently, we reported a NiAu catalyst that is more active
than pure Ni catalyst under the same preparation and reaction
conditions in lignin hydrogenolysis (pure Au is inert for the
reaction).'® Encouraged by this, the synergistic effects in three
other NiM (M = Ru, Rh, and Pd) catalysts were evaluated in
detail in this study. Each component in the bimetallic catalyst is
active in lignin hydrogenolysis, but their combination leads to
improved catalytic performance, overcoming the limitations of
both pure Ni and noble metal catalysts. It is well documented
that the combination of two metals could result in drastically
enhanced catalytic performance, and the employment of
bimetallic catalysts dates back to the 1970s."” However, as far
as we are aware, this approach has not been utilized to develop
catalysts for lignin valorization.
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B EXPERIMENTAL SECTION

Materials. Sodium borohydride (NaBH,, 95% purity) was
purchased from TCIL Polyvinylpyrrolidone (PVP, MW = 40
000) was from Alfa Aesar. Ruthenium(III) chloride hydrate
(RuCl;-xH,0, Ru content 37 wt %), rhodium(III) chloride
hydrate (RhCly-:xH,0, Rh content 38.95 wt %), palladium(II)
chloride, nickel(II) chloride hydrate (NiCl,-6H,0, 98% purity),
and potassium carbonate were provided by Sinopharm Chemical
Reagent. Phenol, 2-bromoacetophenone, guaiacol, 2,6-dime-
thoxyphenol, and benzyl bromide were from Sigma-Aldrich.
Acetone, ethanol, ethyl acetate, hexane, diethyl ether, and
diphenyl ether were purchased from Fisher. H, (99.995%) was
ordered from SOXAL, Singapore. All chemicals were used as
received.

Instrumentations. Hydrogenolysis products were analyzed
by gas chromatography (GC) and gas chromatography/mass
spectroscopy (GC/MS) on an Agilent 7890A gas chromatograph
with a flame ionization detector (FID) and an Agilent 7890A-
5975 GC/MS instrument, both equipped with HP-S capillary
columns (30 m X 250 um). Gel permeation chromatography
(GPC) analysis was carried out with a system equipped with a
Waters 2410 refractive index detector, a Waters 515 HPLC pump
and two Waters styragel columns (HT 3 and HT 4) using 0.1 M
LiCl/DMEF as eluent at a flow rate of 1 mL/min at 25 °C. The raw
data were processed using narrow polystyrenes as calibrations on
the software Breeze. Transmission electron microscopy (TEM)
images were taken using a JEOL JEM-2010 microscope
operating at 200 kV. X-ray photoelectron spectroscopy (XPS)
measurements were performed on a VG Escalab MKII
spectrometer, using a mono Al Ka X-ray source (hv = 1486.71
eV, SmA, 15 kV) and calibrated by setting the C 1s peak to 285.0
eV. X-ray powder diffraction (XRD) was performed on a Bruker
D8 Advanced Diffractometer with Cu Ko radiation at 40 kV.
UV—vis spectra were recorded on a Shimadzu 3600 UV—vis
spectrophotometer equipped with a CPS-240A controller. Ni K-
edge X-ray absorption spectra (XAS) of the NiRu and NiRh
catalysts and reference samples (Ni foil, and NiO) were recorded
at the BLO1BI beamline at the SPring-8 (Japan Synchrotron
Radiation Research Institute, Hyogo, Japan) in the transmission
mode at ambient temperature. A Si (111) double crystal
monochromator was used to obtain a monochromatic X-ray
beam. The monochromator was calibrated at the shoulder peak
of the absorption edge of an X-ray absorption near edge structure
(XANES) spectrum of Cu foil. Ru and Rh K-edge XAS of the
catalysts and reference samples (Ru powder, Rh foil, and RuO,)
were also recorded in the same manner except for the use of a Si
(311) double crystal monochromator. The monochromator was
calibrated at the inflection point of the XANES spectrum of the
metal powder/foil. In both cases, higher harmonics were
removed by changing glancing angles of collimation and focusing
mirrors. Data reduction was carried out with Athena and Artemis
included in the Ifeffit and Demeter package.'® For curve-fitting
analysis on extended X-ray absorption fine structure (EXAFS)
spectra, each theoretical scattering path was generated with FEFF
6.0L," and amplitude reduction factors were estimated by the
curve-fitting on the reference metal samples. The k*-weighted
EXAFS oscillation in the range of 3.0—13 A~ was Fourier
transformed, and curve-fitting analyses were performed in the
range 1.4—2.8 A in R space.

Preparation of Catalysts. (a). Ni,Ru;,,_, Catalysts. A series
of Ni,Ru,4_, catalysts (x = 0, 75, 80, 85, 90, 95, 100, where x
represents the molar percentage of Ni) were prepared using a wet
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Figure 2. (a) Thirteen products identified after 1a hydrogenolysis; (b) yields of monomers and dimers over Ni, Ru, and NiRu with varying Ni/Ru ratio.
Reaction conditions: 0.22 mmol 1a, 3 mL of freshly prepared aqueous solution containing 0.022 mmol of metal and 0.44 mmol of PVP, 10 bar H,, 130

°C,1h

chemical method employing PVP as stabilizer and NaBH, as
reductant.”® A typical preparation procedure for NigRu,; is
described here. To an aqueous solution (2 mL) of NiCl,-6H,0
(4.4 mg, 0.0187 mmol), RuCly-xH,0 (0.9 mg, 0.0033 mmol),
and PVP (48.8 mg, 0.44 mmol based on monomer), a freshly
prepared aqueous solution of NaBH, (4 mg, 0.11 mmol, in 1 mL
H,0) was added in one portion under vigorous stirring. A black
colloid was obtained immediately, which was transferred into a
reactor after ~30 s and used for the catalytic reaction.

(b). Ni,Rh_, Catalysts. The Ni,Rh,q_. (x = 0, 60, 65, 70,
75, 80, 85, 90, 95, 100, where x represents the molar percentage
of Ni) catalysts were prepared using a procedure identical to that
described for NiRu,o,_, catalysts except that RhCl;-xH,O was
used as the Rh precursor.

(c). NigsPd;s Catalyst. PACl, (0.6 mg, 0.0033 mmol) was
dissolved in an aqueous solution (2 mL) containing NaCl
(0.0198 mmol) to form Na,PdCl,. To this solution, NiCl,-6H,0
(4.4 mg, 0.0187 mmol), and PVP (48.8 mg, 0.44 mmol based on
monomer) were added, and the suspension was stirred for 30 s
for dissolution. The following procedure was identical to that of
Ni,Rug,_, catalysts described above.

Hydrogenolysis Reaction with Model Compounds.
Model compounds 1a, 1b, 1¢, and 2 were synthesized following
a modified literature procedure.*' The full procedure and NMR
data can be found in the Supporting Information (SI).

In a typical experiment, the substrate (0.22 mmol), fresh
catalyst (0.022 mmol metal and 0.44 mmol PVP in 3 mL H,0),
and a magnetic stirrer were placed into a high-pressure reactor
(20 mL). After flushing with H, three times, the reactor was
charged with 10 bar of H, and placed into a preheated oil bath
with a stirring speed of 1000 rpm. After the reaction, the reactor
was quenched to ambient temperature using cooling water, and
the organic products were extracted using ethyl acetate (6 mL)
and analyzed by GC-FID and GC/MS. The response factor for
each component was calculated using the effective carbon
number (ECN).>> The yield is defined as the molar amount of Cg
rings in the individual product divided by the total moles of Cq
rings in the starting materials. Because the carbon balance was
high (90—95%), the GC area normalization method was used to
determine the yield, which is given by dividing the molar amount
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of C¢ rings in this product by the total moles of C rings detected
on GC-FID:

yield (%) =
n X area,/ECN,
Z(area;/ECN)) + 2 X Z(area;/ECN)) + 2 X area,,/ECNy,,

where n is the number of C, ring(s) in each product (e.g, n =1
for monomers, and n = 2 for dimers), i is subscript for monomers,
j is subscript for dimers, and sub is the subscript for substrates.

The specific reaction conditions can be found in the figure
captions and table footnotes.

Depolymerization of Organosolv Lignin. Organosolv
lignin was extracted from birch wood sawdust following a
literature method.”® The reaction conditions were similar to
model compound hydrogenolysis reactions, except that they
employed organosolv lignin (S0 mg) as the substrate. After
reaction, the reactor was quenched to ambient temperature using
cooling water. The reaction suspension was extracted with ethyl
acetate (6 mL X 3). The organic phases were combined and
concentrated over a rotary evaporator. The aqueous phase
suspension was centrifuged, and the solid residue was washed
with water (3 mL X 3) to recover unconverted lignin. Methanol
(0.5 mL) was added to dissolve the residues, following which n-
dodecane (10 uL) was added as an internal standard. The
solution was finally analyzed by GC-FID and GC/MS. The
response factor for each product was calculated by the ECN, and
its mass yield was determined by dividing its mass (calculated by
referencing the internal standard) by S0 mg (the mass of starting
organosolv lignin):

yield, (wt%)
area, / ECN,.
_ (massn»dodecane(mg)/170) X W X M\N;c
50(mg)
X 100%

In Situ Uv—Vis. For in situ observation of a metal reduction
process, an aqueous solution (2.0 mL) containing PVP (16.5
mM) and metal precursor (0.825 mM, either NiCl,, RuCl; or a
85:15 combination of the two) was transferred into a standard
quartz cell at 16 °C. After addition of a freshly prepared aqueous
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Figure 3. (a) TEM image and (b) size distribution of NigsRu, catalyst.
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Figure 4. (a) Niand (b) Ru K-edge XANES spectra of Ni, NigsRu, 5, Ni;oRusq, NigoRus catalysts and a Ru powder reference. Fourier transformed (c) Ni
and (d) Ru K-edge EXAFS spectra of Ni, NigsRus, NizRusq, and NiggRus, catalysts and a Ru powder reference.

solution of NaBH, (8.25 mM, 1.0 mL) maintained at the same
temperature, the mixture was monitored continuously by UV—
vis at 250—600 nm range with a time interval of 2 min.

B RESULTS AND DISCUSSION

NiRu Catalysts. We prepared Ni, Ru, and NiRu,go_,
catalysts in aqueous phase by reducing NiCl,-6H,0, RuCl;-
xH,O or their combinations with NaBH, in the presence of PVP
as a stabilizing agent. The prepared catalysts were immediately
tested in the hydrogenolysis of 2-phenoxy-1-phenethanol (1a), a
typical model compound bearing lignin $-O-4 type linkage, at
130 °C with 10 bar H, for 1 h. Thirteen products were observed
after the reaction (pl—p13; see Figure 2a). Compounds p8—
p13, which bear only one Cg ring structure derived from either
ring A or ring B through C—O bond hydrogenolysis, are denoted
as monomers. Compounds pl—p7 are dimers generated by
hydrogenation of the substrate without the cleavage of the C—O
bond. Thus, total monomer yield can act as an indicator of
hydrogenolysis activity of catalysts, whereas the total yield of
dimers can represent hydrogenation activity partially.
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Product yields over different catalysts are compiled in Figure
2b (for the detailed yield of each product, see Table S1 in the SI).
Ni monometallic catalyst achieved 36% conversion and 70%
selectivity toward monomers. In contrast, the Ru catalyst showed
higher activity (~100%), but the monomer yield was only 8%. By
incorporating Ru into Ni, the NiRu catalysts inherited the
advantages of both components, in which Ru increased the total
activity of Ni, and Ni tuned the selectivity of Ru to favor the C—O
bond cleavage. This synergistic effect, with the increasing Ru
content, reached a peak by using NigsRu,s5, over which 100%
conversion with 58% monomer yield was achieved. The activity
of higher-Ru-content catalysts was maintained while the
selectivity of monomers dropped gradually. Thus, NigsRu,5 was
chosen to be further investigated.

Several characterization techniques were applied to probe the
structure of the NigsRu, 5 catalyst. TEM analysis indicates that the
NigsRuy catalyst is spherical with a diameter of 2.0 & 0.5 nm (see
Figure 3a,b), similar to pure Ru catalyst (2 nm) but much smaller
than the Ni catalyst (11.5 & 3.5 nm) (see SI Figure S1 for TEMs).
SI Figure S2 shows the XRD pattern of NigsRu; 5 catalyst. Several
sets of peaks attributed to the byproducts (NaCl and NaBO,)

dx.doi.org/10.1021/cs401199f | ACS Catal. 2014, 4, 1574—1583
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Figure 5. In situ UV—vis spectra recorded during the preparation of (a) Ni, (b) Ru, and (c) NigsRu, catalysts. Spectra were record every 2 min. Reaction
conditions: 2 mL of water solution containing 0.00165 mmol of metal precursors and 0.033 mmol of PVP and 1 mL of NaBH, (0.00825 mmol) solution

were added; pure water as reference.

generated during the reduction were observed. The two broad
peaks at 20 = 10° and 20° were attributed to PVP.>* Except for
these peaks, there are no diffraction peaks for metals in the XRD
pattern, corresponding to the small size of NigsRu, 5 observed in
TEM image.

XPS was employed to characterize valence state and surface
composition of catalysts. As shown in SI Figure S3, the spectra
for Ni and NigsRu, 5 in Ni 2p region are quite similar, revealing
oxidation of Ni has occurred during the sample preparation.
Because of the relatively small Ru composition and high PVP
content, the Ru 3d signal is obscured by large C 1s peaks in both
Ru and NigRu, 5. Nevertheless, the appearance of the Ru 3p peak
indicates the existence of near-surface Ru in the NigsRu, 5 catalyst.
Using the Ru 3p;/, and Ni 2p;/, peak areas, the surface ratio of
Ni/Ru can be determined as 9.0:1, which is higher than the
precursors’ ratio, 5.7:1, indicating that Ni is probably surface-
enriched.

X-ray absorption spectroscopy was conducted to inspect the
electronic states and morphology of the catalysts at atomic
scale.” For a systematic comparison, we prepared Ni, NigsRus,
Ni,oRus, and Nig,Rus, in appropriate concentration for XAFS
measurements. The catalysts were prepared on site and
measured immediately after synthesis to prevent Ni oxidation.
As shown in Figure 4a,b, both the Ni K-edge XANES spectra of
NiRu and Nj, and the Ru K-edge XANES spectra of NiRu and Ru
powder are similar, indicating both Ru and Ni are in the metallic
state. On the other hand, small but systematic changes in their
absorption edges are observed; that is, the edge shifts toward
lower energy at the Ni K-edge as the Ru content increases and to
the higher energy at the Ru K-edge as the Ni content increases.
This suggests the charge transfer from Ru to Ni in the NiRu
bimetallic catalyst.

Figure 4c,d shows the Fourier transformed EXAFS (FT-
EXAFS) of the NiRu catalyst at the Ni and Ru K-edge. The first
peaks at around 1.9 A at the Ni K-edge and at around 2.0 A at the
Ru K-edge systematically decreased as the Ru content increased.
As clearly shown in SI Figure S1, Ru nanoparticles tend to be
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smaller than Ni NPs under the present preparation conditions.
Thus, the change in FT-EXAFS spectra could be interpreted as
the generation of smaller catalyst particles. Furthermore, curve
fitting analysis on the EXAFS spectra of NiRu catalysts are
performed to estimate whether Ru is atomically mixed with Ni. SI
Figure S4 and Table S3 show the curve fitting results and
structural parameters of NigsRu, s catalyst. The similarity of the
coordination number (CN) of Ru—Ru (7.3 + 2.5) and Ru—Ni
(8.0 + 1.1) in NigsRu, s indicates that Ru and Ni are well mixed at
the atomic level. The sum of Ru—Ru and Ru—Ni CNs, 15.3 +
3.6, revealed that Ru atoms are located in a close packed structure
and therefore exist inside the Nig;Ru, particles. By contrast, the
CN of Ni—Ni (7.0 & 2.1) is significantly larger than that of Ni—
Ru (1.5 + 0.9), and the sum of the two CNs (8.5 + 3.0) is much
less than 12, suggesting that Ni atoms are located on the surface
of the particles, which is consistent with the XPS results.

In situ UV—vis spectroscopy was employed to monitor the
nucleation and growth process during catalyst preparation. To
decrease the absorbance of resulting catalysts solution to a
suitable intensity for the equipment, the precursor, PVP, and
NaBH, solution were diluted to 3/40 of the concentration in
typical catalyst preparation conditions. In addition, the temper-
ature was maintained at 16 °C to make the reduction process
recordable. In the pure Ni case (Figure Sa), the spectra remain
almost the same in the first 10 min, and a sharp increase was
observed on the 12 min curve, indicating a very slow nucleation
and burst growth process. After that, the shapes of the curves
remained identical while the intensity gradually increased in the
next 14 min, representing the reduction of remaining Ni**. In
contrast, Ru is much easier to reduce (Figure Sb). The curve
recorded immediately after the addition of NaBH, solution
exhibits nanoparticle type absorbance, and the following curves
showed slight increments in the intensity. For the NigsRu
catalyst (Figure Sc), the evolution of the spectra resembles that of
the pure Ru catalyst. No induction period was observed,
indicating that Ru facilitated the reduction of Ni. Plausibly,
part of the Ru** was reduced immediately upon addition of

dx.doi.org/10.1021/cs401199f | ACS Catal. 2014, 4, 1574—1583
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NaBH, forming Ru nuclei, which act as catalysts to promote the
reduction of Ni** and remaining Ru*, resulting in atomically
mixed, ultrasmall NiRu particles. This scenario matches perfectly
with XPS and XAS analysis in which Ni was found to be surface-
enriched. Chen et al. reported the synthesis of NiRu alloy
nanoparticle in oleylamine.”® A strong reductant, such as
LiBEt;H, was employed to reduce Ni and Ru precursors
simultaneously. Interestingly, our work suggests that Ru exhibits
a noble-metal-induced reduction®” effect, and a mild reducing
agent such as NaBH, is adequate to produce NiRu bimetallic
catalyst without metal segregation.

These instrumentation analyses reveal the following salient
structural features of the NigsRu,  catalyst: (1) the particle size of
the catalyst is significantly smaller than that of monometallic Ni
catalyst prepared under identical conditions; (2) Ru atoms stay
mostly inside the NigsRu,g particles, whereas Ni atoms
preferentially stay in the surface; and (3) Ni atoms are
electron-enriched, whereas Ru atoms are electron-deficient
because of electron donation from Ru to Ni.

A kinetic study of the hydrogenolysis of 1a over NigsRu, 5 over
a period of 2 h was conducted (see Figure 6a and detailed data in

a 100 -
80 r Monomers (p8-p13
T 60 -
E 40 Aromatic dimers (p1-p2, p4-p6)
£ L
20 +
Fully saturated dimers (p3, p7)
0 S s + 1 1 T
0 20 40 60 80 100 120
Time (min)
p 100 )
Fully saturated dimers (p3, p7)
™ ® )
80 ¢
T 60
o
£ 40 L
20 . . lMonomers (p8-p13)
v — d
0 i . Aromatic dimers (p1-p2, p4-p6)
0 20 40 60 80 100 120
Time (min)

Figure 6. Kinetic study on hydrogenolysis of 1a over (a) NigsRu,5 and
(b) Ru. Reaction conditions: 0.22 mmol of 1a, 3 mL of freshly prepared
aqueous solution containing 0.022 mmol of metal and 0.44 mmol of
PVP, 10 bar H,, 130 °C.

SI Table S2). Before the substrate was exhausted, no significant
drop in activity was observed, indicating NigsRu,5 was stable.
Both monomers and dimers were generated smoothly, revealing
first-order kinetics of C—O cleavage as well as hydrogenation.
The decrease in the yield of aromatic dimers (containing at least
one Cg4 aromatic ring) after 60 min implies that these dimers can
be further converted into monomers. On the other hand, the
yields for fully hydrogenated dimers (p3, p7) kept increasing,
indicating that they cannot be further converted. From the initial
linear part of the kinetic curve, the activity of NigsRu, catalyst,
defined as the cleaved C—O bond linkage per molar metal (Ni
and Ru combined) per hour, was calculated to be 5.8 h™". It is
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much higher than the activity of pure Ni (1 h™") catalyst in a
previous study under similar conditions."*® A kinetic study over
pure Ru was also investigated (Figure 6b). Ru showed a
comparable initial activity of 3.5 h™" in hydrogenolysis of the C—
O bond, but the high hydrogenation rate leads to complete
saturation of the benzene rings in 30 min. The fully saturated
ethers are very hard to break down, hence causing the low yield of
monomers. On the basis of the kinetic studies, the entire reaction
pathways is illustrated in Scheme 1.

To obtain the intrinsic hydrogenolysis activity of the catalysts
(the turnover frequency, TOF), a CS, poison titration method
was adopted to determine the surface atom fraction. For
NigsRu, s, hydrogenolysis of 1-benzyloxy-2-methoxybenzene (2)
was taken as a probe reaction because the representing a-O-4
type linkage is chemically easier to break down, allowing the
reaction to be conducted at lower temperature to benefit the
poisoning effect. With increasing amounts of CS,, the yield of 2-
methoxyphenol dropped gradually (see SI Figure SS). Assuming
that each CS, molecule blocks two surface atoms, we could
determine the surface atom fraction to be 26% for NigsRu,s. For
the Ru catalyst, the hydrogenation of toluene was chosen to be
the probe reaction for the CS, poison titration test, and the
surface atoms fraction was determined to be 60%. Thus, the TOF
in the hydrogenolysis reaction is 5.8 h™" and 22 h™" for Ru and
NigsRu, 5, respectively, at 130 °C and 10 bar H,. Clearly, the TOF
of NigsRu;s is much higher than pure Ru catalyst and is
comparable to the monometallic Ni catalyst (25 h™') under
similar reaction conditions. Furthermore, the TOF of the
NigsRu;s catalyst far exceeds the Ni catalyst under lower
temperatures and lower H, pressures (vide infra).

Hydrogenolysis reactions at various temperatures over Ni and
NigsRu, s were conducted. From the Arrhenius plot, the apparent
activation energy (E,) for 1a (Figure 7a) was much lower over
the NigRu,g catalyst (46.3 kJ/mol) than over the Ni catalyst
(77.3kJ/mol). The two lines cross at 1000 K/T =2.514 (e.g,, T =
125 °C), which implies that with the incorporation of Ru to Nij,
NigsRuy facilitates hydrogenolysis. Although at selected reaction
conditions (130 °C), Nig;Ru,s shares a similar TOF with Ni,
NigsRu, is more reactive at lower temperatures. For instance, the
hydrogenolysis TOF over NigsRus is 7.2 h™" at 100 °C, almost
twice that of TOF over pure Ni (3.9 h™"). Hydrogenation of
toluene over Ru and NigsRu,5 were also investigated. The
experiments were carried out at high stirring speed to rule out
mass transfer limitations (see SI Figure S8 for the effect of stirring
speed). As shown in Figure 7b, the E, over Ru is very low (5.7 kJ/
mol), but it went up to 24.1 kJ/mol over NigsRu,5. Nandanwar*®
et al. obtained an E, of 27.9 kJ/mol for benzene hydrogenation
employing Ru/y-ALO;. In another report,” the E, for benzene
hydrogenation over RuNi/C is 42.1 kJ/mol. Although our data
do not match exactly with the literature, the trend is the same.
Incorporation of Ni into Ru significantly increases the activation
energy for benzene ring hydrogenation. Taken together, the
combination of Ni and Ru promotes hydrogenolysis of Ni and
inhibits hydrogenation of Ru.

Next, the effect of H, pressure was investigated. The product
distribution for hydrogenolysis of 1a was recorded at 30 min
reaction time over NigsRu,s at 130 °C with varying H, pressures.
With lower H, pressure, higher monomer yields were achieved
(see Figure 8). The reaction could even take place with 1 bar H,,
which is significantly different from the catalytic performance
over pure Ni catalyst and Ni/SiO,,"** which were inactive at
ambient pressure. Apparently, NigsRu,s enables facile H,
absorption, and the rate-determining step becomes H,
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Scheme 1. Proposed Reaction Pathways of 1a Hydrogenolysis/Hydrogenation into Monomeric and Dimeric Products
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Figure 7. (a) Arrhenius plots for hydrogenolysis of 1a over Ni and NigsRu;. Reaction conditions: 0.22 mmol of 1a, 3 mL of freshly prepared aqueous
solution containing 0.022 mmol of metal and 0.44 mmol of PVP, 10 bar H,, 30 min. (b) Arrhenius plots for hydrogenation of toluene over Ru and
NigsRu, 5. Reaction conditions: 2.2 mmol of toluene, 3 mL of freshly prepared aqueous solution containing 0.022 mmol of metal and 0.44 mmol of PVP,

10 bar H,, 30 min.
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Figure 8. Conversions and products distributions over NigsRu,s as
functions of H, pressure. Reaction conditions: 0.22 mmol of 1a, 3 mL of
freshly prepared aqueous solution containing 0.022 mmol of metal and
0.44 mmol of PVP, 130 °C, 30 min.

pressure-independent. The yield of the monomers dropped with
more than S bar H, pressure, indicating that hydrogenation and
hydrogenolysis reactions are competing with the same active
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sites on NigsRu,s catalyst, and higher H, pressure prefers
hydrogenation.'*® When H, pressure is >15 bar, monomer and
dimer yields were both decreased due to the high coverage of
hydrogen on catalyst surface inhibiting the adsorption of
substrates.

Other model compounds were also tested over NigsRu,s. As
shown in SI Figure S6, 1b with one methoxy group on B ring had
a conversion of 90% after 1 h under typical reaction conditions,
with a total monomer yield of 55%. The slightly lower reactivity
could be attributed to the steric hindrance of the methoxy group.
Interestingly, 1c¢ with two methoxy groups on the B ring was
converted completely with a higher total monomer yield (72%).
For the weakest linkage type in lignin, a-O-4, the represented
substrate 2 is hydrogenolyzed, even at 60 °C over NigsRu;;. In
addition, without using harsher reaction conditions, substrate 3,
representing the strongest C—O linkage, 4-O-5, was converted at
130 °C, yielding 10% monomers (SI Figure S6).

NiRh and NiPd Catalysts. Following a similar preparation
procedure, NiRh catalysts with various Rh contents were
synthesized and evaluated in hydrogenolysis of 1a. As shown
in Figure 9a, the Rh monometallic catalyst exhibited high activity
(100% conversion) and low selectivity (22%) toward monomers.
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Figure 9. (a) Yields of monomers and dimers over Ni, Rh, and NiRh with varying Ni/Rh ratios. Reaction conditions: 0.22 mmol of 1a, 3 mL of freshly
prepared aqueous solution containing 0.022 mmol of metal and 0.44 mmol of PVP, 10 bar H,, 130 °C, 1 h. (b) TEM image of NigsRh;. (c) XPS spectra
for Rh (red curve) and NigsRh, 5 (black curve) at Rh 3d region. (d) Ni K-edge XANES spectra of Ni, NigsRh, 5, NizRh;, NigoRhg, catalysts. In situ UV—
vis spectra recorded during the preparation of (e) Rh and (f) NigsRh,; catalysts. Spectra were record every 2 min. Reaction conditions: 2 mL of water
solution containing 0.00165 mmol of metal precursors and 0.033 mmol of PVP and 1 mL of NaBH, (0.00825 mmol) solution were added; pure water as

reference.

The synergistic effect was again observed in NiRh bimetallic
catalysts. The activity increased with increasing Rh content and
reached its highest point with NigsRhs, over which 94%
conversion with 64% monomer yield was achieved. To further
verify the synergistic effect, NigPd, s was prepared and evaluated
in hydrogenolysis of la, achieving complete conversion and
95.7% monomer yield. Note that the conversion was 100% but
the monomer yield was only 12.1% over pure Pd catalyst.

A variety of instrumentation analyses were carried out to reveal
the structural features of the NiRh catalysts. TEM analysis
indicates that a majority of the NigsRh  catalyst had particle sizes
of ~2 nm, and some had sizes of ~10 nm (Figure 9b). In the XPS
spectra (Figure 9c), the 3d;,, binding energy of Rh shifted from
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308.2 eV in the Rh catalysts to 308.9 eV in NigsRh,;, indicating
electron transfer from Rh to Ni. This was further corroborated by
XANES analysis, that is, the Ni K-edge shifts toward a lower
energy as the Rh content increases (see Figure 9d). The in situ
UV—vis (Figure 9e,f) suggests Rh accelerated Ni reduction.
Combined, it appears that the role that Rh played in NigsRh,5 was
similar to that of Ru in the NigsRu,; catalyst.

Hydrogenolysis of Real Lignin over Ni, M and NiM
Catalysts. Encouraged by the results of model compound
hydrogenolysis, we next conducted reactions on organosolv
lignin from Betula platyphylla suk. As shown in Table 1, under the
typical reaction conditions, 0.8 wt % monomeric products yield
was achieved at 1 h over NigRuys. In contrast, 0.16 wt %
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Table 1. Organosolv Lignin Depolymerization over Ni, Ru, Rh, Pd, NigRu,;, NigsRh,, and Nig Pd, Catalysts in Water

catalyst
organosolv _ water other
lignin 10 bar H, (E \KE; monomers
130°C
catalyst time (h) yield (wt %) residual lignin (wt %)
Ni 1 0 0 0 46
Ru 1 0.1 0.03 0.03 S0
NigsRug 1 0.1 0.6 0.1 S8
NigsRug 12 1.4 S.0 0.4 56
Ru 12 0.2 0.06 0.6 38
Rh 1 0.1 0.1 0.07 52
Pd 1 0.06 0.3 0.1 57
NiggRh g 1 0.5 2.0 0.1 S0
NigsRh, 5 12 0.7 22 0.7 S1
NigsPd,s 1 0.2 1.6 0.6 52
NigsPd,s 12 0.9 3.3 0.4 44

“Reaction conditions: 50 mg of organosolv lignin, 3 mL of freshly prepared aqueous solution containing 0.022 mmol metal and 0.44 mmol PVP, 10

bar H,. Reaction temperature and time can be found in the table.

monomers was obtained over pure Ru catalyst, and no
monomeric products could be identified after the reaction over
pure Ni under the same reaction conditions. By prolonging the
reaction time to 12 h, a monomeric product yield of 6.8 wt %
could be obtained over NigsRu,s. In contrast, the monomeric
yield over Ru reached only 0.2 wt % at 1 h and 0.9 wt % at 12 h.
Over NigRh;s and NigPd;5, 2.6 and 2.4 wt % monomeric
product yields were achieved after 1 h, in sharp contrast to the
monomeric product yields of 0.27 and 0.46 wt % over pure Rh
and Pd catalysts, respectively. Recently, Song et al® reported
that lignin from intact birch biomass could be converted to
monomeric phenols with ~50% yield at 200 °C using Ni/C
catalysts in hydrogen-donating alcohols. Toledano et al. 15h,30
conducted microwave-assisted lignin hydrogenolysis, achieving
an impressive 17% monomeric chemical yield at 140 °C over
NiAISBA catalyst in tetralin. Kou et al>' reported the
depolymerization of organosolv lignin under harsher reaction
conditions with Rh/C achieving 5.6 wt % monomeric product
yields. The performance of catalytic systems with varying lignin
from different sources and pretreatments are incomparable.
Nevertheless, low reaction temperature (130 °C) and pure water
as the solvent are the salient advantages of this study. A very
recent paper suggests that organosolve lignin contains a fraction
of monomers itself;”” however, we are confident that the
aromatic monomers observed in our catalytic system were not
originally present in the organosolve lignin, on the basis of the
following facts (1) no monomers were detected in the absence
of catalysts;'® (2) different catalysts provided significantly
different monomer yields (see Table 1); and (3) GPC analysis
indicated that the organosolv lignin we used for the reaction is of
polymeric nature (see SI Figure S9).

Because GC is able to detect only small-molecule compounds,
selected crude products were further characterized by FTIR (See
SI Figure S7). The intensity of the C—O bond vibration in the
guaiacyl unit™ at 1272 cm ™, which is indicative of the integrity of
the lignin structure, remained unaltered after reaction over the Ni
catalyst but decreased after reaction over NigsRus, further
confirming that NigsRu,5 is more active in breaking the C—O
bond. Over the Ru catalyst, the relative intensity of the IR peaks
from 1607 to 1423 cm™, attributed to vibration of the aromatic
ring skeleton,*
hydrogenation. The intensity of peak at 1272 cm~

decreased after reaction, implying benzene ring
1
also
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decreased, which is not unreasonable because the guaiacyl unit
does not exist after benzene ring hydrogenation. Another
significant change in the spectra is the disappearance or decrease
in the peak at 1710 cm™', which was assigned to nonconjugated
C=0 vibration,*
over all three catalysts. Overall, the performances of Ni, M, and

indicating hydrogenation of the C=0O bond

NigsM ¢ catalysts over lignin model compounds and real lignin
are consistent, that is, NiggM,;s is more active and selective

compared with single-component catalysts.

B CONCLUSIONS

A series of bimetallic NiggM;5 (M = Ru, Rh, and Pd) catalysts
were demonstrated to be effective in the hydrogenolysis of lignin
model compounds and organosolv lignin under mild reaction
conditions in water. Single-component Ni and the noble metal
catalysts are active for this reaction, but the combination of the
two exhibits prominent effects overcoming the limitations of a
single component catalyst. Among the three, NigsRu s was fully
investigated, and the synergistic effects include

(1) Incorporation of 15% Ru induces a dramatically enhanced
reduction rate of Ni in the catalyst synthesis, resulting in
atomically mixed, ultrasmall bimetallic catalyst particles
with considerably increased surface atom fractions, which
accordingly leads to high catalytic activity.

Fully hydrogenated dimeric compounds do not undergo
further C—O hydrogenolysis under applied conditions,
and the high hydrogenation activity is one of the main
limitations for noble metal catalysts. However, the
undesired hydrogenation of the aromatic ring is greatly
inhibited over the NigsRu,s catalyst compared with the
pure Ru catalyst, leading to a high yield of aromatic
monomeric compounds.

NigsRu, s catalyst exhibits a much higher TOF at low
temperatures (for example, 100 °C) or low H, pressure (1
bar) compared with the pure Ni catalyst. This exception-
ally low-temperature, low-pressure activity in lignin
hydrogenolysis plausibly arises from enhanced activation
of H, and substrate due to electron-enriched Ni.

)

®3)
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