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SUMMARY

Due to the highly complex polyphenolic structure of lignin, depolymer-
ization without a prior chemical treatment is challenging, and new cat-
alysts are required. Atomically dispersed catalysts are able tomaximize
theatomicefficiencyofnoblemetals, simultaneouslyprovidinganalter-
native strategy to tune the activity and selectivity by alloyingwith other
abundantmetal supports. Here, we report a highly active and selective
catalyst comprising monodispersed (single) Pt atoms on Ni nanopar-
ticles supported on carbon (denoted as Pt1Ni/C, where Pt1 represents
single Pt atoms), designed for the reductive depolymerization of lignin.
Selectivity toward 4-n-propylsyringol and 4-n-propylguaiacol exceeds
90%. The activity and selectivity of the Pt1Ni/C catalyst in the reductive
depolymerization of lignin may be attributed to synergistic effects be-
tween the Ni nanoparticles and the single Pt atoms.

INTRODUCTION

Lignin is an abundant biomass source that can be converted into value-added aro-

matic platform chemicals.1 To use biomass to its fullest, the challenges involved in

valorizing lignin need to be overcome.2–5 Conventional lignocellulose delignifica-

tion methods, such as Kraft and organosolv pulping, require the complete break-

down of the C–O bonds in a series of steps.6–8 However, the ability to deconstruct

lignin directly from raw biomass has transformed the conventional concept of the

biorefinery by capturing high-value products from lignin in the first step,9 a process

that is particularly effective under reductive conditions.3,10–12 The lignin is depoly-

merized and selectively converted to monomers with high retention of carbohy-

drates in the pulp.10,13,14 The monomers obtained are valuable platform chemicals

with a range of applications. Further use of the remaining cellulose and hemicellu-

lose provides additional value-added chemicals.15–17

Using noble metal catalysts (e.g., Rh, Ru, Pd, Pt), the yields of lignin monomers can

reach close to the theoretical maximum.18–20 However, these noble metal catalysts

are expensive and can be susceptible to poisoning by CO or coking.21 Efforts to

maximize the efficiency of these noble metal catalysts with improved selectivity

has led to the development of atomically dispersed heterogeneous catalysts.22–24

All of the reaction steps take place at single-atom sites and, compared with metal

nanoparticles (NPs), the reaction kinetics with single-atom catalysts are rate limited

by the low concentration of H atoms available in the active atomic sites.

Progress toward catalyst design to combine the activity of noble metals and low cost

of earth-abundant metals is popular.25 Some earth-abundant metals such as Ni have
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Scheme 1. Route used to prepare the Pt1Ni/C catalyst
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low energy barriers for both the dissociation of H2 and the diffusion of H atoms.26 If

H2 dissociation on Ni NPs and diffusion to active single noble metal atoms is facile,

then the rate-limiting addition of H atoms to the substrate should be accelerated,

improving the overall reaction kinetics and reducing the amount of the precious

metal required. Such a single-atom alloy (SAA) concept has been described for a

PdCu system in which facile hydrogen dissociation and spillover take place.27

Because the dissociation of H2 and reaction sites on SAAs are decoupled, SAAs

may not be confined to linear scaling relationships, exceeding the reactivity limit

and selectivity of many catalysts.

Despite numerous reports of SAAs, their application is mostly limited to catalytic

process involving small substrates and in reactions such as C-C coupling, hydroge-

nation, and electrocatalytic processes.22,28–33 There are only limited studies

describing SAAs as catalysts for biomass transformations, with the focus on lignin

model compounds as substrates.34,35 Direct depolymerization of lignin using

SAAs has not, to the best of our knowledge, been reported.

Here, we describe a highly active catalyst for reductive lignin depolymerization

based on Pt single atoms anchored onto Ni NPs supported on C (denoted as

Pt1Ni/C, where Pt1 represents single Pt atoms). Using this catalyst, a yield of lignin

monomers of 37% for birch sawdust was achieved under 5 MPa H2 in methanol

(MeOH) at 200�C, which is significantly higher than that using single Pt atoms sup-

ported on active carbon Pt1/C or Ni NPs on active carbon Ni/C.
RESULTS

Catalyst synthesis and characterization

The Pt1Ni/C catalyst was obtained by anchoring Pt atoms on Ni NPs supported on C

(Ni/C) through galvanic replacement (Scheme 1). In the synthesis, Pt(acac)2 dissolved

in toluene was added to a suspension of Ni/C in ethanol. C was chosen as the sup-

port as it is inexpensive and has a high surface area and cavities where H2 can be ad-

sorbed.36 Following washing with ethanol and hexane, the Pt1Ni/C catalyst was ob-

tained as a black powder. Inductively coupled plasma-atomic emission

spectroscopy (ICP-AES) analysis of the Pt1Ni/C catalyst gives weight percentages

of the Pt and Ni as 0.3 and 4.4 wt%, respectively. Thermogravimetric analysis

(TGA) of Pt1Ni/C in air (Figure S4) confirmed that the loading of metal NPs is �5%.

The specific surface area of Pt1Ni/C is 90.4 m2/g (Figure S5). Using transmission elec-

tron microscopy (TEM), the diameter of the Ni NPs was found to be �6.9 nm with a

narrow size distribution (Figure S1), a size that is similar to Ni/C (Figure S7).
2 Cell Reports Physical Science 2, 100567, September 22, 2021



Figure 1. HAADF-STEM images

(A) HAADF-STEM image of the Pt1Ni/C catalyst.

(B) HAADF-STEM image of an individual Pt1Ni nanoparticle. The monodispersed Pt atoms are

highlighted in blue circles and are uniformly anchored on the surface of Ni NPs.
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The distribution of Pt on Ni/C within the Pt1Ni/C matrix was analyzed by high-angle

annular dark-field scanning TEM (HAADF-STEM) (Figure 1), which confirms that the

Pt atoms are highly dispersed (the isolated Pt atoms are manifested by brightness

andmarked by circles; Figure 1B). The Pt single atoms on the surface of the Ni/C par-

ticles were further characterized by extended X-ray absorption fine structure (EXAFS)

analysis in the R space (Figures 2A and S8; Table S1). The oscillation manners of the

Pt L3-edge in the R space for the Pt1Ni/C differ from those of the Pt foil. The Pt�Pt

bond at 2.76 Å was not observed in Pt1Ni/C. Compared to the Pt L3 edge of Pt foil

probes by X-ray absorption near-edge spectroscopy (XANES) (Figure 2B), the

adsorption edge for Pt1Ni/C is �11,570 eV, indicative of Pt(II) species. X-ray photo-

electron spectroscopy (XPS) of Ni 2p and Pt 4f indicate that the majority of surface Ni

and Pt species are in the 2+ oxidation state (Figure S2).37

The X-ray diffraction (XRD) profile of the Pt1Ni/C catalyst shows a characteristic peak

at 44� corresponding to (111) reflections of face-centered cubic Ni NPs (Figure S3),

at the identical position observed in Ni/C, presumably as the low content of highly

dispersed Pt does not influence the XRD pattern.

The H2-temperature-programmed reaction (TPR) profiles (Figure 2C) indicate that

alloying takes place in the Pt1Ni/C catalyst. With the addition of single Pt atoms,

the reduction temperature of Pt1Ni/C (261�C) is shifted to lower regions compared

with Ni/C (275�C). The adsorption of H2 on the surface of the Pt1Ni/C catalyst was

investigated through H2 temperature-programmed desorption (TPD) measure-

ments (Figure 2D). The first peak (at 425�C) in the Pt1Ni/C catalyst is at a much lower

temperature than that observed for Ni/C (at 698�C), indicating that the Pt atoms pro-

vide low-barrier exit routes for H2 during the desorption process.
Performance evaluation

The performance of the Pt1Ni/C catalyst was investigated in the depolymerization of

lignin using birch sawdust as the substrate. For comparison, single Pt atoms and Ni

NPs supported on C (Pt1/C and Ni/C) were prepared and applied in the same depoly-

merization reaction under identical conditions (Figure 3). The monomer yields are used

as a measure of depolymerization efficiency of the catalysts. Under 5 MPa H2 in meth-

anol at 200�C, the yield of total monomers with the Pt1Ni/C catalyst is 37% after 18 h

(Figure 3, entry 1), quite close to the theoretical maximummonomer yield, which ranges

from 44 to 56 wt%.13 The yield of total monomers is significantly higher than that with

the control catalysts (Figure 3, entries 2 and 3) and reported Ni/C, with monomer yields
Cell Reports Physical Science 2, 100567, September 22, 2021 3



Figure 2. Characterizations of Pt1Ni/C and Ni/C

(A) Pt L3-edge EXAFS spectra in R space of Pt foil (control) and the Pt1Ni/C catalyst before and after

reaction. Pt foil was used as the reference (the Pt1Ni/C sample after reaction was obtained under

similar reaction conditions to those used for the conversion of birch sawdust, except in the absence

of birch sawdust).

(B) Pt L3-edge XANES profiles of Pt foil and the Pt1Ni/C catalyst before and after reaction.

(C) H2-temperature-programmed reaction (TPR) profiles of the Pt1Ni/C catalyst.

(D) H2-temperature-programmed desorption (TPD) profiles of the Pt1Ni/C catalyst.
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of 24% at 200�C in methanol.38 Further analysis of the product distribution shows that a

combined selectivity toward 4-n-propylsyringol (S) and 4-n-propylguaiacol (G) exceeds

90% within the monomer fractions, whereas 4-n-propanolguaiacol (G-OH) and 4-n-

propanolsyringol (S-OH) accounts for <5% of the monomers (Figure 3, entry 1). Similar

to other reported single-atom catalysts (i.e., Co1/C,
39 Ru1/ZnO/C,40 and Pd1/CNx41),

the aromatic rings are preserved with the Pt1Ni/C catalyst even under more forcing re-

action conditions, unlike pure NP catalysts that lead to ring hydrogenation.42,43 Satu-

rated compounds were not observed with the Ni/C catalyst at 200�C, although traces

of saturated compounds were detected at 300�C. It has been shown that Pt NPs are

more active than Ni NPs in hydrogenolysis.44 As the hydrogenolysis of C–O bonds is

highly metal dependent,45 the overall yield in S and Gmay be attributed to the high ac-

tivity of Pt atoms.Note that in the absence of themetallic sites themonomer yield is very

low (Figure 3, entry 4).

After separating the liquid products and drying the solid residue of birch sawdust

and catalysts, 0.1 g birch sawdust was added to perform the recycling test. The

decrease in the activation of the catalyst may be caused by coking on the surface

of the catalyst (Table S2).

The mechanism of reductive fractionation involves solvolysis of the C–O bonds, with

the catalyst hydrogenating the reactive intermediate products generated, prevent-

ing re-polymerization.46,47 Based on the similar temperatures used, both Ni NPs and

single Pt atoms contribute to H2 dissociation (Figure 2C). Compared with Pt1/C,
4 Cell Reports Physical Science 2, 100567, September 22, 2021



Figure 3. The monomer yield and main lignin-derived monomers obtained

Catalyst Total yield of monomers (%) S (%) G (%) S-OH (%) G-OH (%)

1 Pt1Ni/C 37 23 12 0.1 0.5

2 Pt1/C 14 3 2 5 2

3 Ni/C 24 9 6 5 3

4 C 6 1 – – –

Reaction conditions: 0.1 g birch sawdust, 0.02 g catalyst, 5 mL MeOH, 5 MPa H2, 200
�C, and 18 h.

ll
OPEN ACCESSArticle
which is less active with hydrogen dissociation, both Ni NPs and single Pt atoms in

Pt1Ni/C served as active sites in H2 dissociation and adsorption of H atoms, so

that a more abundant amount of H atoms can be produced on the surface of

Pt1Ni/C. Compared with Ni/C, the better performance of Pt1Ni/C is due to the lower

hydrogen binding energy of Pt atoms than Ni atoms. The H2-TPD analysis shows a

large decrease in the H2 desorption temperature of the Pt1Ni/C catalyst (425�C) (Fig-
ure 2D), compared with that of Ni/C (698�C), indicating that the single Pt atoms serve

as active sites. Moreover, due to the single-atom nature of the Pt in the Pt1Ni/C, the

aromatic structure of the phenyl rings of lignin monomers are preserved without

further hydrogenation. Since ring hydrogenation requires coordination of the aro-

matic ring over a trimetal face, NP catalysts would lead to the hydrogenation of ar-

omatic rings,42,43 while single Pt atoms can achieve hydrogenolysis of the C–O

bonds without the hydrogenation of the phenyl ring.48 As such, Pt single atoms

played a pivotal role in Pt1Ni/C in enhancing the catalytic activity while keeping

the high selectivity in the lignin depolymerization, a benefit that cannot be achieved

by using Ni/C only. Other reasons for the high activity, such as support effects,

cannot be excluded.

The reaction conditions were optimized to obtain monophenolic compounds in

higher yields (Figure 3). The yield of monophenolic compounds increased from 12

wt% at 150�C to 43 wt% at 300�C at a H2 pressure of 5 MPa in methanol after 18 h

(Figure 4A), with high selectivity to S and G (>90%, Figure 4B). At lower H2 pressures

(and in the absence of H2), G-OH and S-OH are preferentially formed instead of G

and S (Figure 4C).

A comparison of product distributions in water, methanol, ethanol, 1-propanol,

1-butanol, and ethylene glycol (Figure 4D) shows that solvent has a remarkable

impact on the monomer yield as well as the product distribution, as observed else-

where.49,50 The solubility of lignin in different solvents has been extensively stud-

ied,51 with the solubility in ethylene glycol being the highest followed by methanol,

ethanol, 1-propanol, 1-butanol, and H2O.52 The monomer yields basically decrease

with the decreasing solubility of lignin in the solvent. As in our case, a comparably

lower yield of 32% in the pure ethylene glycol was obtained than that frommethanol,

probably due to the high viscosity and low solubility of H2 in ethylene glycol.

DISCUSSION

We describe a selective hydrogenation catalyst in which monodispersed Pt atoms

are anchored on the surface of Ni NPs supported on active carbon. The Pt1Ni/C
Cell Reports Physical Science 2, 100567, September 22, 2021 5



Figure 4. Effects of reaction conditions on the yields of lignin monomers

(A) Yields of lignin monomers obtained from birch sawdust as a function of temperature. Reaction

conditions: 0.1 g birch sawdust, 0.02 g Pt1Ni/C, 5 mL MeOH, 5 MPa H2, 200
�C, and 18 h.

(B) Monomer distribution at 200�C in MeOH. Reaction conditions are the same as those in (A).

(C) Yields of lignin monomers obtained from birch sawdust as a function of H2 pressure. Reaction

conditions: 0.1 g birch sawdust, 0.02 g Pt1Ni/C, 5 mL MeOH, H2, 200
�C, and 18 h.

(D) Yields of lignin monomers obtained from birch sawdust in various solvents. Reaction conditions:

0.1 g birch sawdust, 0.02 g Pt1Ni/C, 5 mL solvent, 5 MPa H2, 200
�C, and 18 h. BuOH, 1-butanol; EG,

ethylene glycol; EthOH, ethanol; H2O, water; MeOH, methanol; PrOH, 1-propanol.
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catalyst affords monophenolic compounds in a 37 wt% yield at 200�C, which is close

to the theoretical maximum yield. The remarkable activity and selectivity of the

Pt1Ni/C catalyst may be attributed to the synergistic effects between the Ni NPs

and the single Pt atoms.
EXPERIMENTAL PROCEDURES

Synthesis of Ni/C

C powder (Vulcan XC 72R, 1 g) was mixed with 50 mL 5 M nitric acid at 80�C and

stirred for 18 h. The solids were separated by centrifugation and were washed

with distilled water until constant pH was achieved. The pre-treated activated car-

bon (200 mg) was dispersed in ethanol (20 mL) under vigorous stirring at room tem-

perature. To the resulting suspension, a solution containing Ni(NO3)2$6H2O (50 mg,

0.2 mmol) in ethanol (5 mL) was slowly added and stirring was continued for 12 h at

room temperature. The reaction mixture was further heated at 40�C under stirring

until all of the solvent had evaporated. The remaining solid was heated to 400�C
for 1 h under H2 in a tube furnace, to afford Ni/C.
Synthesis of Pt1Ni/C

The Pt1Ni/C catalyst was prepared via galvanic replacement between Ni NPs and

Pt(acac)2. Ni/C was dispersed in ethanol (50 mL), and the resulting suspension was

heated at 50�C for 10 min. To the reaction mixture, a solution of Pt(acac)2 (6 mg,
6 Cell Reports Physical Science 2, 100567, September 22, 2021
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0.015 mmol) dissolved in toluene (5.2 mL) was added slowly. After stirring for 6 h at

50�C, the solution was cooled to room temperature. Then, the sample was collected

by centrifugation and washed with ethanol (33 10mL) and hexane (33 10mL). After

drying in vacuum at 40�C for 24 h, the Pt1Ni/C catalyst was obtained as a black

powder.

Synthesis of Pt1/C

C powder (Vulcan XC 72R, 1 g) was mixed with 50 mL 5 M nitric acid at 80�C and

stirred for 18 h. The solids were separated by centrifugation and were washed

with distilled water until constant pH was achieved. This pre-treated activated car-

bon (100 mg) was dispersed in water (20 mL) under magnetic stirring. K2PtCl4
aqueous solution (10 mL, 0.043 mg/mL) was slowly added to the resulting reaction

mixture. After stirring at room temperature for 30 min, the solid was collected by

centrifugation. The isolated solid was washed with water (33 10 mL) and dried at

60�C in vacuum for 24 h. The Pt1/C was obtained as a black powder, and the

HAADF-STEM images and elements mapping of Pt1/C are in Figure S6.

XAFS analysis

Pt L3-edge XAFS data were recorded under fluorescence mode with a 32-element

Ge solid-state detector at the SuperXAS beamline of Swiss Light Source (SLS) at

the Paul Scherrer Institute (PSI, Villigen, Switzerland). The energy was calibrated ac-

cording to the L3 absorption edge of pure Pt foil. Data analysis was performed using

a standardized IFEFFIT package (including Athena and Artemis software).53

TEM, XPS, and XRD measurements

The Pt1Ni/C powders were suspended in acetone and the resulting suspension was

ultrasonicated for 1 h. Subsequently, the acetone suspension of NPs was deposited

on a C film coated with Cu grid and then analyzed by TEM (FEI Talos, operated at 200

keV). XPS analysis were performed using a monochromatic Al Ka X-ray source of

24.8 W power with a beam size of 100 mm. XRD measurements were recorded in

Bragg Brentano geometry on a Bruker D8 Discover diffractometer, equipped with

a Lynx Eye XE detector, using non-monochromated Cu-Ka radiation.

Catalyst testing

In a typical reaction, birch sawdust (0.1 g, size 0.25–0.5 mm) and Pt1Ni/C (0.02 g) in

MeOH (5 mL) were added into a 100-mL stainless-steel batch reactor with a glass

liner. The reactor was sealed, flushed with H2 3 times, and then pressurized to 5

MPa at room temperature. The reaction mixture was heated at 100�C for 3 h under

stirring at 800 rpm, and then heated to 200�C. After 18 h, the autoclave was cooled in

water and then depressurized.

Resource availability
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