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Rhodium nanoparticles embedded on the interior of hollow
porous carbon nanospheres, able to sieve monomers from polymers, were used O

to confirm the precise role of metal catalysts in the reductive catalytic
fractionation of lignin. The study provides clear evidence that the primary
function of the metal catalyst is to hydrogenate monomeric lignin fragments
into more stable forms following a solvent-based fractionation and

fragmentation of lignin.
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eductive catalytic fractionation (RCF) is one of the key
methods used in the so-called lignin-first approaches. ™’
In the presence of a metal catalyst and a reductant (usually
H,), essentially all the $-O-4 motifs can be cleaved in the
native lignin present in a woody biomass, affording up to 50—
60% of monomeric phenolic compounds.*™'° The trans-
formation comprises three steps, including solvolysis fractio-
nation of lignin from cellulose and hemicellulose by breaking
the lignin-sugar linkages, followed by a fragmentation of
polymeric lignin into monomers and oligomers via a C—O
bond cleavage, and ﬁnally stabilization of the reactive allyl
species by hydrogenation. "> However, the exact role of the
catalyst in RCF remains a matter of debate.'”~"> Using a
catalyst basket strategy, Sels et al. elegantly provided strong
evidence that a protic solvent (e.g., MeOH) is almost entirely
respon51ble for both the fractionation and fragmentation of
hgmn However, the basket used to confine the catalyst
pellets consisted of 40 mesh (0.4 mm pore diameter), and
therefore the possibility of lignin fragmentation over the metal
catalyst in a solubilized polymeric form cannot be completely
excluded. Indeed, other studies suggest that the metal catalyst
contributes to breaking the ether linkages in lignin via
hydrogenolysis."’~>° As a result of this uncertainty, many
efforts to improve catalysts for RCF continue to be focused on
enhancing p-O-4 bond cleavage in lignin model com-
pounds,”' ~** whereas other aspects might also deserve more
attention.
To unambiguously address whether metal catalysts actively
participate in the lignin depolymerization step or only play a
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role in the stabilization step, a catalyst encapsulated within a
porous shell that prevents the lignin polymer from entering
and interacting with the catalyst would be ideal (Scheme 1).
Comparing the performance of the encapsulated metal catalyst
with an exposed catalyst would provide a quantitative
understanding of the contribution of the metal catalyst in
RCF. Herein we chose to use Rh nanoparticles (NPs)
embedded in porous hollow carbon spheres (Rh@HCS) to
test this hypothesis (i.e.,, an efficient metal for hydrogenolysis
confined within a porous carbon matrix). Although catalysts
composed of Pd, Ru, and Ni are preferred for this reaction, Rh
NPs were selected as a number of papers report their superior
activity toward hydrogenolysis.”**

The catalyst (termed Rh@HCS—Figure 1) was prepared by
a modified solvothermal procedure (see the Supporting
Information for details).”® Scanning electron microscopy
(SEM) shows that the carbon spheres are uniform in size
(~178 nm) and thickness (~42 nm) (Figure la). Trans-
mission electron microscopy (TEM) shows that the Rh NPs
are completely embedded within the interior of the carbon
spheres and have a narrow size distribution (~1.4 nm average
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Scheme 1. Strategy Adopted to Probe the Mechanism of
Reductive Catalytic Fractionation”
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“4-n-Propyl guaiacol was used as a representative monomer. Lignin is
depicted as a polymer composed of aromatic rings with the linkages,
and methoxy groups are omitted for clarity.

)

20 nm

200 nm

10 C) Average = 1.4 nm

Loading = 3.5 wt% 200 /

30, T o

"’s 150 | -/

3 M

5 100 r.

=]
10 = 0 [ Pore area =4 nm

il Surface area = 540 m%g

0 : °%:

0-11-2 24 46 68 810 0 02 04 06 08 10
Size / nm Relative Pressure, P/P,

Distribution / %
N
o

Figure 1. (a) SEM images of the Rh@HCS catalyst. (b) TEM images
of the Rh@HCS catalyst. (c) Rh particle size distribution in the Rh@
HCS catalyst. (d) Physisorption curves. The relative pressure is P/P,,
where P, is the saturated vapor pressure of N, at —196 °C.

diameter) (Figure 1b). The Rh loading was determined by
inductively coupled plasma atomic emission spectroscopy
(ICP-OES) as 3.5 wt %. The Rh region of the X-ray
photoelectron spectroscopy (XPS) confirms the absence of
Rh on the outer surface of the carbon spheres (Figure Sla—c),
that is, exhibiting a broad carbon peak without any evidence of
surface-bound Rh (Figure S1d). A physisorption analysis
reveals a mesoporous material with a pore diameter of 4 nm
and a surface area of 540 m*/g (Figure 1d). Commercial Rh/C
was used as a control catalyst and was characterized by a TEM
analysis (Figure S2) with the Rh NPs having a mean diameter
of 5.7 nm unevenly distributed over the support material.
Because of the larger size of the Rh NPs in the Rh/C catalyst
compared to the Rh@HCS catalyst, the Rh/C catalyst is
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expected to be less active, and to compensate for this a higher
catalyst loading was used in the studies.

Polystyrene was used as a probe compound to determine
whether the Rh NPs in the Rh@HCS catalyst can react with
polymers. Polystyrene was chosen, as the C—C bonds
connecting the styrene cannot be cleaved, but the aromatic
rings can be hydrogenated by Rh NPs.”” Polystyrene with
three different molecular weights were tested, one low (1300
g/mol), one close to the molecular weight typical of lignin
(13000 g/mol), and a larger one (30000 g/mol). The
polystyrene was dissolved in tetrahydrofuran (THF) and
reacted under forcing conditions to ensure hydrogenation in
the presence of Rh NPs, that is, 200 °C, 4 MPa H,, 15 h. After
the reaction, the solvent was removed, and Fourier-transform
infrared (FT-IR) spectra were recorded (Figure 2 for 13 000
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Figure 2. Relevant regions of the FT-IR spectra of polystyrene (Mw:
13000 g/mol) before and after a reaction with the Rh/C and Rh@
HCS catalysts. Pristine polystyrene—gray dots. Polystyrene after the
reaction with the Rh/C catalyst—green. Polystyrene after the reaction
with the Rh@HCS catalyst—purple. Conditions: polystyrene (10
mg), catalyst (Rh@HCS, 3.5 wt %, 20 mg or Rh/C, S wt %, 14 mg.),
THF (2 mL), H, (4 MPa), 200 °C, 15 h.

g/mol polystyrene and Figure S3 for a comparison of all three
polymers). The FT-IR spectra show the disappearance of the
aromatic signal of the polymers from the reaction with the Rh/
C catalyst, whereas the FT-IR spectra remain unchanged when
the Rh@HCS catalyst is used. The peaks corresponding to the
C=C bending vibrations (1500—1600 cm™"), C—H aromatic
bending (660—800 cm™'), and C—H stretches (3000—3100
cm™') are highlighted in the figures to illustrate the differences.
Thus, the Rh NPs encapsulated within the porous shell are
unable to access the polystyrene, that is, the polystyrene cannot
traverse the nanoscale shell, and it can be expected that lignin
would also not be able to access the Rh NPs in the Rh@HCS
catalyst. As a positive control, toluene was used as a substrate
in place of polystyrene, and the toluene was hydrogenated to
afford methyl cyclohexane in a near-quantitative yield by both
catalysts under the same reaction conditions.

Birch sawdust was reacted in MeOH with H, (4 MPa) at
200 °C in the presence of the Rh/C or Rh@HCS catalysts (see
Figure S4 for temperature and pressure optimization), both
affording monomers in ~47% yield, confirming solvolysis is
responsible for both the fractionation and fragmentation of
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Figure 3. (a) Comparison between the Rh/C, Rh@HCS, and Rh/HCS catalysts under RCF conditions. (b) Protic solvent screening using Rh@
HCS catalyst. (c—e) 2D HSQC NMR spectra of the liquid products after RCF. (c) Without catalyst. (d) With the Rh/C catalyst. (e) With the
Rh@HCS catalyst. Motifs are color-coded. f-O-4 labeled as A (in blue). Phenylcoumaran labeled as B (in green). Resinol labeled as C (in purple).
Conditions: Rh@HCS (3.5 wt %, 20 mg) or Rh/C (S wt %, 14 mg), sawdust (100 mg), MeOH (S g), H, (4 MPa), 200 °C, 15 h.

lignin. Analysis of the postreaction solution revealed a Rh
content of 40 ppm, which would have a negligible influence on
the reaction. Notably, there is a difference in the product
distribution depending on the catalyst used (Figure 3a). The
Rh@HCS catalyst affords more n-propyl alcohol monomers
than n-propyl monomers, whereas the Rh/C catalyst results in
the opposite selectivity. This difference may be attributed to
the support materials rather than the Rh NPs, with the N-
doped support in the Rh@HCS catalyst being less acidic than
the pure carbon support in the Rh/C catalyst.”'“** Therefore,
a Rh/HCS catalyst (Figure SS) was prepared with the Rh
nanoparticles attached to the outer surface of the shell to
remove the support effect. A similar product distribution was
obtained to that of the Rh@HCS catalyst.

Two-dimensional heteronuclear single quantum coherence
nuclear magnetic resonance (2D HSQC NMR) spectra of the
liquid products obtained from both using catalysts and under
catalyst-free conditions confirm that a cleavage of the -O-4
motifs leads to a depolymerization via solvolysis as peaks
corresponding to Ag carbons are absent in all the spectra
(Figure 3c—e; see Figure S6 for the whole spectra). The
absence of peaks corresponding to B, carbons suggests that -5
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dimers are produced from the phenylcoumaran motifs in
lignin. Notably, in the catalyst-free reaction, the peaks
corresponding to B, carbons are of very low relative intensity,
indicative of recondensation. All three carbons signals (i.e., C,,
Cy, and C,) corresponding to the resinol motifs are present.”

Common protic solvents used in RCF were also evaluated
(Figure 3b)," with longer-chain alcohols retarding the
solvolysis, whereas an addition of another OH function
increases it. Hexane was used as a nonprotic solvent with
monomers obtained in only 2% yield, further confirming the
mechanism.

In conclusion, we designed a catalyst, comprising Rh NPs
immobilized within hollow nanoscale shells, to confirm the
mechanism of RCF of biomass. Initially, we demonstrated that
polymers cannot come into contact with the Rh NPs located at
the interior of the hollow shell catalyst, whereas monomers can
come into contact with the Rh NPs. The catalyst was then
evaluated under typical RCF conditions and was shown to
have a similar activity compared to a Rh/HCS and Rh/C
catalyst, where the Rh NPs are exposed to all reagents, thus
demonstrating that hydrogenolysis is not responsible for the
cleavage of the A-O-4 motif and providing unambiguous
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evidence to support this mechanism."" The RCF involves
initial solvolysis, occurring spontaneously under the harsh
reaction conditions, followed by a stabilization of the reactive
species generated via hydrogen by the Rh NPs.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.1c00018.
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RCF, (reductive catalytic fractionation); MeOH, (methanol);
NPs, (nanoparticles); Rh@HCS, (Rh nanoparticles (NPs)
embedded in porous hollow car-bon spheres); ICP-OES,
(inductively coupled plasma atomic emission spectroscopy);
XPS, (X-ray photoelectron spectroscopy); TEM, (transmission
electron microscopy); Rh/C, (commercial rhodium on carbon
catalyst); THF, (tetrahydrofuran); FT-IR, (Fourier-transform
infrared spectroscopy); Rh/HCS, (the Rh nanoparticles
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attached to the out surface of the carbon shell); 2D HSQC
NMR, (two-dimensional heteronuclear single quantum coher-
ence nuclear magnetic resonance)
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