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Sinter-Resistant Nickel Catalyst for Lignin Hydrogenolysis
Achieved by Liquid Phase Atomic Layer Deposition of

Alumina

Farzaneh Talebkeikhah, Songlan Sun, and Jeremy S. Luterbacher*

Lignin hydrogenolysis is a key step in the sustainable production of
renewable bio-based chemicals and fuels. Heterogeneous metal catalysts
have led to high yields but they rapidly deactivate, notably due to nanoparticle
sintering and carbonaceous deposit formation. While these deposits can be
removed by regeneration, sintering is irreversible and a significant barrier to
commercialization. Here, simple liquid phase atomic layer deposition is used
to deposit an alumina layer to protect nickel particles from sintering. In the
gas phase, it is proved that alumina can prevent sintering during reduction
up to 600 °C. This catalyst for hydrogenolysis of extracted lignin in batch and
continuous operation is used. In batch, the overcoated catalyst maintains
high monomer yields with little sintering over four cycles of reuse while

the yield obtained with the catalyst without an overcoat reduces to half and
severe sintering occurs. In a continuous flow reactor, deactivation rates are
three times lower for the catalyst with the alumina overcoat. Microscopy
images confirm that the alumina overcoat largely preserves nickel particle
sizes after ten days of operation. The results demonstrate that catalyst over-
coating with metal oxides substantially slows irreversible deactivation during
lignin hydrogenolysis, which could facilitate the development of continuous

lignin upgrading.

1. Introduction

Biomass has received considerable attention as a sustainable
source of carbon and alternative feedstock for fossil-based
chemicals and fuels. Lignin, one of its three main compo-
nents along with cellulose and hemicellulose, which are poly-
saccharides, has been the subject of increased research lately
due to its low oxygen content and aromatic functionality. Due
to this structure, lignin is more similar to many petrochemi-
cals than other major biomass components especially poly-
saccharides. However, lignin is also especially complicated to
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exploit due to its tendency to irreversibly
degrade during the initial biomass frac-
tionation.’2l This degradation involves
lignin condensation and the formation of
highly stable interunit C—C linkages, that
once formed, make selectively breaking
down lignin into monoaromatic com-
pounds difficult. Lignin from conventional
biorefineries and paper making processes
is especially recalcitrant to upgrading.

Recently, so-called lignin first strate-
gies have emerged, which actively seek to
prevent lignin degradation. One notable
strategy called reductive catalytic frac-
tionation (RCF), directly upgrades lignin
during biomass fractionation by putting
biomass or biomass extracts into con-
tact with a reductant and a catalyst.[3]
This process leads to the reduction and
upgrading of reactive intermediates into
stable monophenolics.'® In this con-
text, different types of catalysts like solid
acids,” transition metal carbides,’® metal
sulfides,! porous metal oxides,'” metal
organic frameworks,™ mono and bime-
tallic catalysts," carbon based and other
catalysts have been examined for lignin or lignin model com-
pound hydrogenolysis.31?l Many studies have featured carbon-
based catalysts because they generally feature better activity and
stability compared to common metal oxide supported catalysts,
that include those based on like alumina, silica, titania and
aluminosilicates.7-]

An important challenge to scale all these processes is to
achieve continuous and stable operation. Although Pd, Ru,
and Ni on activated carbon (AC) displayed high yield in lignin
hydrogenolysis!-?% leaching, sintering, and surface poisoning
are still key factors in limiting catalyst stability. For instance,
Anderson et al. explored semi-continuous lignin upgrading by
using flowthrough reactors that would rapidly send whole bio-
mass extracts over supported metal catalysts in the presence of
hydrogen. They observed severe Ni sintering of 50% increase
in average diameter and 30% of leaching after processing 4 g of
poplar wood over 12 h in their flow through reactor containing
a single-bed of 15 wt% Ni/AC with a switchable biomass bed
in upstream.?!l Other researchers have observed similar sin-
tering. In batch hydrogenolysis, Park et al used 0.1 wt% Pd on
N-doped carbon and core-shell Ni-alumina on activated carbon
with 3 g of birch wood for 3 cycles. Although loss of activity
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was not observed during these cycles but Ni particles agglomer-
ated severely from 15 to 50 nm and nano clusters of Pd were
formed.*”) In addition to carbon-based catalysts, sintering was
reported for other types of supports. Ru sintered noticeably in
Ni-Ru/HZSM-5 after hydrogenolysis of 0.4 g straw lignin at
230 °C.[% Similarly Kasakov et al. noticed particle size increase
of 0.4 nm for HZSM-5, 0.9 nm for SiO, and 1.5 nm for HBEA
supported Ni catalyst after hydrogenolysis of 1 g organosolv
lignin at 250 °C.?% In the same manner sintering has been
illustrated for Ni-Re/Nb,Os,?%! Rh/silica-alumina,’?®l Ni/TiN,?’!
Ni/Ce0,,1?8 as well.

Recently, we have developed a lignin isolation process known
as aldehyde assisted fractionation. This allows the extraction of
a stabilized oligomeric form of lignin that can be isolated from
the other biomass components, re-solubilized in an organic sol-
vent and still be upgraded at high yields that are comparable
to RCF. Isolating lignin before its reductive depolymerization
avoids that other biomass fractions are exposed to the cata-
lyst and reductant, which avoids unnecessary reactions and
can protect the catalyst from harmful biomass-derived species
including organic acids, which are thought to be responsible
for much of the leaching seen with RCF.[?!! Because the isolated
aldehyde-stabilized lignin can be resolubilized in an organic
solvent, it is also an ideal substrate for performing truly contin-
uous upgrading in flow. We were recently able to demonstrate
this steady-state continuous operation with a Ni/AC catalyst and
propionaldehyde stabilized lignin.l”] However, in flow and after
3 cycles of hydrogenolysis catalyst deactivation was observed.
Specifically when 3 g of lignin were processed over 200 h with
5 wt% Ni/AC, Ni nano particles sintered to more than twice of
their initial size.["]

In this work, we sought to improve continuous lignin
upgrading by preparing a stabilized lignin hydrogenolysis cata-
lyst, we successfully applied the simple liquid phase atomic
layer deposition (ALD) for depositing alumina layer on activated
carbon-based support. In contrast to gas phase ALD, this liquid
phase ALD method uses common laboratory synthesis equip-
ment and avoids the use of reactant excess and a purge cycle,
while maintaining comparable coating quality to gas phase
ALD.[?93% Past work has shown that alumina deposition is a
way to limit sintering during gas and liquid phase catalytic pro-
cessing.’*3 This liquid phase deposition method, developed
recently in our group,?” uses ligand titration to determine the
exact quantity of reactant and counter reactant to be injected at
each cycle, which leads to the reaction being self-limited by stoi-
chiometry instead of a purge cycle. Here, we show that depos-
iting an alumina overcoat over a Ni catalyst on a carbon support
prevents Ni nanoparticle sintering and slows deactivation.

2. Results and Discussion

In stoichiometrically liquid phase ALD, reactive surface func-
tional groups are crucial for initiating alumina deposition on
the surface. However, physiosorbed water can also react and its
presence inside activated carbon micropores can lead to a non-
uniform deposition (Figure S1, Supporting Information). This
issue can be addressed by removing the physiosorbed water by
vacuum treatment of the substrate before alumina deposition.
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We used Boehm titration to measure hydroxyl groups on
commercial activated carbon (AC) and observed that the den-
sity of hydroxyl groups on the surface was 0.12 groups per nm?
which was far less than surface hydroxyl groups of silica
(2 OH nm™2) that was successfully used as a substrate for liquid
phase ALD in our previous work.’% (Table S1, Supporting
Information). This low density can lead to island growth of
alumina, which in turn requires more injection cycles to have a
protective layer on the catalyst.

To address this, we used concentrated nitic acid to oxidize
the surfacel! and based on Boehm titration, total acid sites
increased from 0.2 to 2.3 mmol g Also, X-ray photoelec-
tron spectroscopy (XPS) spectra (Table S2, Figures S2-S5,
Supporting Information) showed an increase in oxygen con-
taining groups as well as nitrogen groups after treatment of
commercial activated carbon with nitric acid. This treatment
also reduced the surface area from 996 to 885 m? g~! and pore
volume from 0.96 to 0.78 cm? g™! (Table S3, Figures S6 and S7,
Supporting Information). Next, Ni was deposited on the nitric
acid treated support using dry impregnation methods and the
catalyst (Ni/AC) was then reduced at 450 °C overnight. This
reduction decreased the amount of surface oxygen containing
functional groups by reducing carboxylic functional groups
to carbonyl or hydroxyl groups while reducing nickel oxide
to nickel with hydrogen (Tables S1 and S2, Figures S2a, S3,
and S4, Supporting Information). Moreover, after reduction
at 450 °C, chemisorbed nitrogen oxide, created during nitric
acid treatment on carbon surface was removed. However, dif-
ferent types of C—N bonds still existed on the surface of Ni/AC
(Figure S2b, Supporting Information). In the end, to verify that
this reduction had not substantially reduced surface oxygen
groups, we titrated the surface of the catalyst with the first
precursor, trimethyl aluminum (TMA), and compared ligand
release with titration of untreated commercial activated carbon
(Figure S8, Supporting Information). The higher slope and sat-
uration point of the catalyst after Ni deposition and reduction,
indicates that nitric acid treatment still is effective in increasing
functional groups even after reduction at 450 °C. Assuming all
methane released by the saturation point corresponds to sur-
face hydroxyl groups reacting with TMA, we can estimate that
a hydroxyl density of 0.55 OH nm™ is present on the catalyst
versus 0.13 OH nm on the commercial activated carbon when
TMA titration was used for quantification. However, this could
be an underestimate due to steric hindrance of some hydroxyl
groups.

Following this initial deposition, the surface was similarly
titrated during other half cycles with either water or TMA
(Figure 1b—d). After obtaining the required precursor quan-
tity for the first 5 cycles, we observed that the amount of pre-
cursor needed for the 3rd, 4th, and 5th cycle was very similar,
indicating that film growth was achieved (Figure 1d), which
was consistent with our previous work.2% Thus, by using the
average quantity of precursors measured in the 3rd, 4th, and
5th cycle for the next 3 cycles, 8 layers of aluminum oxide
were deposited on Ni/AC. The catalyst was then imaged with
transmission electron microscopy before and after alumina
deposition (Figure le-g), which showed that alumina was
successfully deposited uniformly on the surface without any
agglomeration.
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Figure 1. Catalyst synthesis by stoichiometrically limited liquid phase ALD. a) Schematic of the catalyst synthesis process. b) Surface titration with
trimethyl aluminum (TMA) to find the stoichiometric quantity of TMA required to saturate the surface with alumina for the 1st half cycle. c) Surface
titration with water to find the stoichiometric quantity of water to remove any remaining ligands during the 2nd half cycle. d) Stoichiometric quan-
tity of precursor and counter reactant measured and added for each half cycle. e) High-angle annular dark-field (HAADF) image of Ni on activated
carbon (Ni/AC) before alumina deposition with energy dispersive X-ray (EDX) spectrum f) HAADF image of Ni/AC after alumina deposition with EDX

spectrum g) HAADF and EDX elemental mapping of AI@Ni/AC.

Once coated, we explored the ability of this overcoat to pre-
vent Ni sintering in different conditions. First, with the help
of H, chemisorption, we probed stability during thermal treat-
ment. Since the Tamman temperaturel3® for Ni is 591 °C, we
exposed the catalyst twice to a stream of 10%H, in Ar at 600 °C
for 1 h. Before and after each thermal test, we measured the
adsorbed H, as an indication of available Ni surface. Since,
the Ni content in 1 g of AI@Ni/AC is lower than Ni content
in Ni/AC, these H, chemisorption tests were compared based
on Ni mass (Figure 2a). Finally, particle size distributions were
derived from transmission electron microscopic (TEM) images
of the untreated and twice treated catalysts with and without
alumina overcoat and compared with each other (Figure 2,
Table S4, Supporting Information).

The reduction in chemisorbed H, for the uncoated Ni/AC,
clearly shows the loss of Ni surface area due to sintering. In
addition, TEM images and wider particle size distribution
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confirm sintering as large particles appear. Because of pos-
sible blockage of pores after alumina coating, the quantity of
adsorbed H, on AI@Ni/AC was lower than the original cata-
lyst. However, after thermal treatment, neither adsorbed H, nor
particle size distribution substantially changed for this catalyst,
which demonstrated the effectiveness of the coating in pre-
venting sintering under these treatment conditions.

We also explored the effect of this overcoat in the harsh con-
ditions associated with batch lignin hydrogenolysis (200 mg of
propionaldehyde extracted lignin with catalyst, filled with 40 bar
of H, and heated up to 250 °C for 3 h with tetrahydrofuran
(THF) as the solvent). TEM imaging of spent catalysts after only
one cycle of hydrogenolysis using high-angle annular dark-field
(HAADF) mode and energy dispersive X-ray (EDX) elemental
mapping, showed severe sintering for Ni/AC whereas no sig-
nificant sintering was observed for the catalyst where alumina
coating was present (Figure 3).
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Figure 2. Thermal stability tests and overcoat effects. a) Chemisorbed H, before and after exposing the catalysts to 600 °C based on mass of Ni in
each catalyst. b) Ni size distribution after 2 cycles of thermal exposure for both of the coated and uncoated catalysts. c) TEM image of Al@Ni/AC after

2 cycles of thermal treatment. d) TEM image of Ni/AC after 2 cycles of thermal treatment.

To confirm the effect of this apparent stabilization on yield, = mass spectrometer (GC-MS) (see Table S5 and Methods in
we separated and washed the catalysts after each use for use  the Supporting Information). Since the quantity of accessible
in a total of four batch lignin hydrogenolysis runs. To control ~ Ni active sites on the coated catalyst was lower, due to possible
the effect of condensate deposition on the catalyst surface, blockage of the pores with alumina and increased mass of the
these tests were repeated but with a reduction of the catalysts at  catalyst after alumina deposition, is half of the uncoated catalyst
450 °C after each batch reaction (Figure 4). After each reaction,  (Table S4, Supporting Information), we compared the hydrog-
lignin monomer yields were calculated based on monophenolic  enolysis yields of 100 mg of Ni/AC with 200 mg of Al@Ni/AC.
products quantified by gas chromatography with a flame ioni- The total monomer yield for both of the catalysts in the first
zation detector (GC-FID) and identified by a GC coupled to a  run is the same indicating that the alumina layer didn’t affect

100 nm

Figure 3. a) TEM image of Ni/AC before lignin hydrogenolysis. b—d) TEM, HAADF images, and EDX elemental mapping of Ni/AC after hydrogenolysis.
e) TEM image of Al@Ni/AC before hydrogenolysis. f-h) TEM, HAADF images, and EDX elemental mapping of Al@Ni/AC after hydrogenolysis.
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Figure 4. Catalyst recycling experiments for batch lignin hydrogenolysis with Ni/AC and Al@Ni/AC catalysts based on same nickel active site measured

by H, chemisorption tests.

Ni activity to the point that maximum yields could not be
achieved. Furthermore, the ratio of syringyl to guaiacyl-based
monomers was very similar for both catalysts (5.3 for Ni/AC
and 5.6 for Al@Ni/AC) which is consistent with the fact that
this ratio is independent of the catalyst and depends primarily
on the source of lignin and its extraction method.l”3® There is
a small difference in product selectivity, where the overcoated
catalyst (Al@Ni/AC) appeared to preserve a greater fraction of
terminal alcohol units on syringyl molecules leading to more
4-propanolsyringol (PSOH) being produced whereas with the
Ni/AC catalyst, syringol units of lignin were cleaved and almost
entirely hydrogenated to propyl syringol (PS). Over the next
3 runs, the AI@Ni/AC catalyst systematically exhibited a supe-
rior stability leading to preserved monomer yields whether or
not a catalyst reduction was applied. The substantial drop in yield
observed for runs with the overcoated catalyst when no reduc-
tion was used between runs was likely due to blocking of active
sites by carbonaceous deposits derived from lignin. With a high
temperature reduction, possible condensates were likely partially
cleaved, solubilized or even gasified to lighter molecules such as
CO, CO,, CH,.?**I Consequently, a substantial amount of these
deposits was removed during this regeneration with the main
remaining deactivation being associated with sintering. Thermo-
gravimetric analysis (TGA) of AI@Ni/AC catalyst (Figure S10,
Supporting Information) before and after reaction confirms
formation of significant amount of condensates during hydrog-
enolysis of 200 mg of lignin. Moreover, these results show that
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reducing the catalyst at 450 °C after hydrogenolysis can remove
considerable quantity of condensates which can help the catalyst
retain its activity. However, TGA of the reduced catalyst (used
for 4 times in hydrogenolysis with reduction in between) proves
that even after reduction at 450 °C, not all the condensates are
removed. For the catalyst without an alumina overcoat, although
reduction removed deposits, the catalyst deactivated primarily
because of sintering and the associated reduction in Ni surface.
To correlate the reduction in lignin hydrogenolysis activity with
the quantity of surface nickel, we carried out this process with
different quantities of Ni/AC catalysts. Using dispersions esti-
mated from particle size distributions obtained by TEM images
(Table S6, Supporting Information), we calculated the corre-
sponding amount of nickel surface sites and compared this
number with the resulting lignin hydrogenolysis activity when
different quantities of Nickel surface sites were present during
the reaction by changing the catalyst mass or nickel dispersion
(Figure S11, Supporting Information). After the first run, Ni dis-
persion on Ni/AC reduced from 14.2% to 9.4% representing a
nickel surface reduction from 0.153 to 0.101 wmol mg™. Based
on Figure S11 (Supporting Information), 0.101 umol mg™ of
available nickel surface for 100 mg Ni/AC leads to about 9%
monomer yield (dry biomass basis) which is comparable to the
monomer yield actually obtained in the second run with recy-
cled Ni/AC (Figure 4). This comparison indicates that sintering,
i.e., loss of Ni surface was the primary reason for the loss in
monophenolic monomer yield.
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For the runs that did not feature a regeneration, AI@Ni/AC
led to better activity than Ni/AC. In Figure 4, the Al@Ni/AC
catalyst loading was higher to maintain the same number of
active sites as measured by H, chemisorption. However, even
when performing runs based on using the same Ni loading
in all runs, AI@Ni/AC outperformed the recycled uncoated
catalyst and led to higher monomer yields in all the cycles
(Figure S12, Supporting Information).

We systematically measured whether Ni and Al had leached
into solution with Inductively Coupled Plasma (ICP) tests.
(Table S7, Supporting Information). For both of the catalysts,
the amount of leached Ni and Al to the solution was negligible
with respect to the initial Ni and Al content in the catalysts and
comparable to the quantity of these elements already present in
the lignin. Nevertheless, for AI@Ni/AC, the amount of nickel
detected in solution after the reaction was about 10 times lower
than for Ni/AC catalyst, which demonstrates the stabilizing
effect of the overcoat.

The phases of the various materials present in these cata-
lysts were characterized and compared before and after reac-
tions with X-Ray diffraction spectrometry (XRD, Figure S13,
Supporting Information). In all cases, a metallic nickel phase
was detected, which was expected given the pressurized H,
gas being present during reaction. Simultaneously, for the
Ni/AC catalyst, we observed additional crystalline peaks after
the fourth run that could not be attributed to nickel or alu-
mina. These peaks are likely related to impurities, which exist
inside lignin and are adsorbed and accumulated on the sur-
face of the catalyst over 4 consecutive batch reactions. Based
on ICP experiments, lignin itself has impurities, notably inor-
ganic salts, that likely originate from wood and that end up
with lignin during the fractionation procedure (Table S8, Sup-
porting Information). Ca is the main element present in the
lignin fraction. Other impurities containing Fe, K, Mg were
detected as well. Furthermore, these impurities were meas-
ured for the catalysts before and after hydrogenolysis (Table S9,
Supporting Information). For both catalysts, we measured a
significant increase in these elements after the hydrogenolysis
cycles, demonstrating the catalyst’s propensity to accumulate
these inorganic species.

Microscopy images were taken after the 4th cycle and the
particle size distribution was measured before the 1st and after
the 4th cycle. Based on particle size distribution (Figure S14,
Supporting Information), the alumina overcoat after 4 cycles
of hydrogenolysis protected Ni particles to some extent and no
severe growth was observed, whereas significant growth was
observed without the overcoat present. We observed particles
as large as micron size after 4 cycles with Ni/AC (Figure S15,
Supporting Information). We even observed isolated Ni parti-
cles that had detached from the support. Furthermore, parti-
cles of impurities, mainly Ca, were formed on the catalyst sur-
face which was consistent with the additional peaks observed
with XRD confirming that impurities formed crystalline spe-
cies during these cycles of hydrogenolysis on Ni/AC. For
Al@Ni/AC (Figure S16, Supporting Information), despite the
EDX spectrum revealing existence of impurities on the surface,
nanoparticles of impurities were not formed on the surface
without the overcoat. Presumably, this can be attributed to alu-
mina defect sites anchoring the impurities.*3]
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To better understand the reason for the low-level sintering
that was observed during multiple recycles with Al@Ni/AC
catalyst (i.e., after 4 consecutive cycles of hydrogenolysis), we
repeated batch hydrogenolysis with AlI@Ni/AC without any
reactants for 4 cycles. Unlike the case where lignin was pre-
sent (Figure S16, Supporting Information), for the case without
lignin, the particle size distribution didn’t change, which points
to the key role of lignin in sintering of Ni particles (Figure S17,
Supporting Information). Considering the dominant effect of
lignin in sintering and the fact that with the Ni/AC catalyst,
we observed Ni particles was detached from the surface of the
catalyst after 4th run, we can presume that Ni adatoms at high
temperatures form metal-reactant complexes (probably with
oxygen containing functional groups of lignin) leading to disin-
tegration and eventually separation of nickel adatoms from cat-
alyst surface.!l This metalorganic formation between metallic
active sites and reactants during a reaction has been reported
elsewhere.[*

To even prevent this low level of sintering in AI@Ni/AC
after 4 cycles of hydrogenolysis, we tried to change the reaction
conditions. Previously with all batch hydrogenolysis, the reac-
tion was stopped by fast cooling down with compressed air (in
less than 10 min the reaction temperatures dropped from 250
to below 100 °C). We changed the reaction conditions and we
let the reaction to cool down by itself. To verify the cooling rate
effect, 4 cycles of batch hydrogenolysis with a catalyst reduction
in between were repeated again for AI@Ni/AC but this time
with slower rate of stopping and cooling down the reaction (in
less than 1 h the reaction temperature dropped from 250 to
below 100 °C). HAADF, EDX images (Figure S18, Supporting
Information) and corresponding particle size distribution
(Figure S19, Supporting Information) clearly shows the advan-
tageous effect of slower cooling down in preventing sintering
completely. This effect was examined for Ni/AC without alu-
mina as well. From microscopic images, after only one cycle of
hydrogenolysis, (Figure S20, Supporting Information), slower
cooling rate didn’t prevent sintering and also compared to the
case with fast cooling rate, significantly bigger Ni particles were
formed.

From these results, the sintering mechanism during lignin
hydrogenolysis is complicated and not yet been resolved and
further research are necessary to understand the role of lignin—
nickel interaction. We hypothesize that a slower cooling rate
may give time to the Ni in the Ni-lignin complexes to re-adsorb
on defect sites within the overcoat as the temperature drops.
In summary, with the alumina layer we prevented major sin-
tering and with a slower cooling rate, we were able to prevent
sintering completely in consecutive batch lignin hydrogenolysis
runs.

Ultimately, lignin hydrogenolysis will have to be done con-
tinuously and likely in flow to achieve commercialization. For
this reason, we also evaluated this triphasic process in a flow
reactor. Flow conditions also enable a better characterization
of deactivation, especially when running at less than full yield.
Based on our previous work,["” we first started with the same
condition of 200 mg Al@Ni/AC, 180 °C, 60 bar, 0.1 mL min™*
liquid flow rate and 50 mL min~! STP H, gas. For the liquid
feed, we used methanol as a solvent due to its improved per-
formance at lower temperature (at 250 °C in batch conditions,
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Figure 5. Continuous lignin hydrogenolysis at 200 °C, at 60 bar with 17 mL min™' H, and a 0.1 mL min~" liquid flow rate respectively (4:1 v/v methanol:
dioxane) with 2.5 mg mL™ lignin. a) 100 mg Ni/AC, b) 200 mg AI@Ni/AC, c) 300 mg AI@Ni/AC.

the choice of solvent had little effect on yield or selectivity,
Figure S21, Supporting Information). However, since meth-
anol doesn’t completely dissolve propionaldehyde stabilized-
lignin we used a mixture of dioxane and methanol (80:20%
volume methanol to dioxane) to avoid clogging. Despite high
monomer yields in batch hydrogenolysis for Al@Ni/AC,
in continuous mode, we did not observe high monomer
yields in the exiting stream (Table S10, Supporting Informa-
tion). In an attempt to find a suitable operational condition
for AI@Ni/AC, we tried reducing H, gas flow from 50 to
17 mL min~!, which led to a sharp increase in monomer yield
(Table S11, Supporting Information). Using these conditions,
we were able to reach lignin monomer yields that were com-
parable to batch conditions (between 8 and 9% based on the
initial dry biomass). After 4 h of operation we detected a high
molecular weight compound with a noticeable peak at higher
retention time in the GC spectrum (Figure S22, Supporting
Information). We measured the protonated molecular weight
of this compound with high resolution electrospray ionization
mass spectroscopy (HR-ESI-MS), which was 3871807 g mol™.
This weight matches the chemical formula of C,,H,sOq,
which may be related to - structure of lignin. Interestingly,
by increasing the reaction temperature from 180 to 200 °C,
this high molecular weight compound was no longer present
in the products observable by GC-FID suggesting it may be
cleaved or degrade. Separation of this compound was tricky
and thus determining its exact structure was deemed beyond
the scope of the current effort.
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As a control, these conditions (200 °C and 17 mL min~! STP
H, gas) were then used for 100 mg of Ni/AC for continuous
lignin hydrogenolysis (Figure 5a, Table S12, Supporting Infor-
mation). Using the uncoated catalyst, we reached a maximum
yield, which was comparable to batch conditions, after 20 h.
Then catalyst activity gradually reduced from above 8% to 5%
after 90 h. This time on stream (TOS) corresponds to the pro-
cessing of 13.5 g lignin per g of catalyst, which is more than
what was processed in 4 cycles of batch experiments (8 g of
lignin processed per g catalyst). Another way of comparing
batch and continuous operation is to compare the turnover
number (TON) using the number of monophenolic molecules
produced and the exposed Ni sites measured through chem-
isorption. In this case, the TON is 106 for the flow reactor
versus 80 for 4 cycles of batch hydrogenolysis. Just as we saw in
batch experiments, we also see a similar drop but with a slower
rate in activity in flow reactor (9.4 vs 3.3 [wt% monomers of
original lignin] drop in yield over 4 batch cycles vs in the flow
reactor, respectively).

Since some of this deactivation is likely due to carbonaceous
deposits from lignin, we applied the same regeneration method
used in batch mode. After letting the column to cool down to
room temperature under 17 mL min~! H, gas flow, we flushed
the catalyst with 0.3 mL min! solvent (4:1 methanol to dioxane)
for 3 h and then we reduced the catalyst again at 450 °C. We col-
lected and concentrated the washing solvent to get some insight
into material that might adsorb on the catalyst, which could be
a precursor to carbonaceous deposits and analyzed this solution
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by GC-MS (Figure S23, Supporting Information). Based on
GC-MS, this darkly colored solution contained monophenolic
compounds plus other high molecular weight compounds.
After regeneration, the initial yield again reached over 8wt%
but was followed by a higher deactivation rate (3wt%/day drop
in yield relative to 1.4 wt%/ day before regeneration).

When using 200 mg of Al@Ni/AC, which corresponded
to the same quantity of Ni active sites as the uncoated cata-
lyst based on H, chemisorption, (Figure 5b, Tables S13 and
S4, Supporting Information), the maximum yield was slightly
lower (7% monomers, dry biomass basis). However, the cata-
lyst deactivated more slowly than Ni/AC (0.4 wt%/day, 8 times
more slowly than without the overcoat) and even appeared rela-
tively stable after 50 h time-on-stream. Even though the use of
Al@Ni/AC did not lead to the maximum attainable monomer
yield, the turnover number achieved for AI@Ni/AC was still
higher than for Ni/AC, when considering both runs up to
the point where 5% yield was reached (TONyjgni/ac:134 and
TONy;/ac:106). Since we saw a clear regeneration effect when
performing a reduction in batch, and because we observed a
gradual pressure increase within the flow reactor that was
likely indicative of condensation, we performed regeneration
tests. We tested both regeneration and the effect of higher cata-
lyst loadings with the overcoated catalyst by using 300 mg of
Al@Ni/AC (Figure 5c, Table S14, Supporting Information). We
hypothesized that this higher loading may facilitate reaching
the maximal yield (i.e., above 8%, which is comparable with the
uncoated catalyst). With this loading, higher monomer yields
were indeed achieved and were comparable to those obtained
with 100 mg of Ni/AC. However, the catalyst also seemed to
deactivate faster at this higher loading, though still more over
twice as slowly (0.6 wt% day™) than for the uncoated catalyst
(1.4 wt% day™). Next, the catalyst was flushed with solvent and
regenerated in the same was as for Ni/AC regeneration. In con-
trast to what we saw with Ni/AC, the resulting washing solu-
tion obtained with AI@Ni/AC contained less detectable com-
plex material (Figure S24, Supporting Information).

The ratio of syringyl to guaiacyl-based products at max-
imum yield was very similar for both the alumina-coated (5.3)
and uncoated catalyst (5.5) and equal to the derived ratio from
batch experiments. Interestingly, in continuous mode, propyl
syringol selectivity was lower than its selectivity in batch mode
which could be due to the difference in residence time and
operating temperature. In addition, similarly to batch results,
selectivity for other syringyl monomers notably propanol
syringol was higher with the alumina coated catalyst than
uncoated Ni/AC.

Interestingly, these flow processes took fairly long to reach
maximal yields (up to 30 h). In fact, the first samples that
were collected after several hours were very dilute and some-
times contained almost no lignin derived molecules. This
long time required to reach steady-state operation (Figure S25,
Supporting Information) likely had to do with the time it took
for a stable flow pattern and wetting occurring over the cat-
alyst. We speculate that this is the case because steady state
can be accelerated by flushing the catalyst with solvent prior
to introducing the lignin feed (Table S15, Figure S26, Sup-
porting Information). Similar to batch reactions, after the
2nd run, the catalysts were collected and microscopy images
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were taken from them. Based on HAADF, EDX images
(Figure S27, Supporting Information) and particle size distri-
bution (Figure S29, Supporting Information), nickel particle
size for AI@Ni/AC catalyst after 10 days of operation didn’t
change and particles of impurities didn’t form on the surface
as well. However, since this catalyst was collected directly
after 2nd run, without any regeneration, we can also see con-
densed lignin inside the catalyst. for the Ni/AC catalyst, sig-
nificant sintering was observed after 5 days of operation and
particles of impurities as well as isolated nickel particles were
formed (Figures S28-S29, Supporting Information). Leaching
of nickel and aluminum was also investigated and confirmed
to be negligible for the coated catalyst in the flow reactor
(Table S16, Supporting Information). Similar to what we saw
in batch operation, the low quantity of detected Ni and Al was
comparable to the quantity of Al or Ni that could be detected
in the lignin itself which means that we cannot even attribute
these small quantities to leaching from the catalyst.

3. Conclusions

Sintering and catalyst restructuring is a common challenge
in lignin or biomass hydrogenolysis. Here we used a simple
liquid phase atomic layer deposition method to overcoat a
Ni/AC catalyst with an alumina overcoat and we demonstrated
the effectiveness of this layer in preventing sintering of nickel
particles in gas phase, batch and continuous lignin hydrogenol-
ysis. Hydrogen chemisorption and microscopic images clearly
shows the effectiveness of alumina layer in preventing sintering
in gas phase. Higher monomer yields confirmed the superior
stability of the coated catalyst relative to the uncoated one over
4 cycles of batch hydrogenolysis. Although, compared to Ni/AC,
low level of sintering was observed for Al@Ni/AC after 4 cycles
of hydrogenolysis, this low sintering could be eliminated by
changing the reaction condition. By cooling down the reactors
very slowly, with AI@Ni/AC we can completely protect Ni par-
ticles from sintering. Likewise, in continuous lignin hydrogen-
olysis, with alumina coated catalyst, based on same Ni active
sites, deactivation rates reduced to one third of the rates for the
case without alumina coating. Additionally, microscopic images
verified the effectiveness of alumina coating in protecting Ni
particles in continuous mode in the same way as for batch
runs. This work demonstrates that catalyst overcoating could be
an important tool in maintaining high catalyst activity during
processing of renewable substrates such as lignin and there-
fore facilitate the industrial development of catalytic biomass
upgrading.
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