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ARTICLE INFO ABSTRACT

Keywords: As the primary renewable reservoir of aromatic carbon, lignin motivates the development of efficient catalysts as
BiﬂmaSAS o a promising route to depolymerization under mild conditions. To address this challenge, layered double hy-
p-O-4 lignin linkage droxide (LDH) derived Ni-Al catalysts with varying Ni/Al ratios, engineering Ni(0)/Ni(Il) interfaces, were
Depolymerization

developed. Beyond achieving complete -O-4 conversion of the 2-phenethyl phenyl ether at 125 °C and 25 bar,
outperforming previously reported noble- and non-noble-metal catalysts for this model compound, the catalyst
also effectively depolymerizes organosolv lignin under 150 °C. A suite of characterizations, including in situ
XAFS, confirmed the coexistence of Ni(0) and Ni(II) and the formation of Ni(0)/Ni(Il) interfacial sites. Addi-
tionally, DFT calculations employing a Ni(1 1 1)/NiO(1 0 0) nanowire model showed that Ni(II) modulates the
electronic structure of Ni(0), significantly enhancing its catalytic activity. Reaction pathways identified at the Ni
(11 1)/NiO(1 0 0) interface exhibit superior thermodynamic and kinetic profiles relative to conventional Ni(1 1
1) surfaces. Combined experimental evidence and DFT analyses establish the Ni(0)/Ni(II) interface as the
decisive active site enabling hydrogenolysis under mild conditions. This work provides an efficient platform for
mild lignin depolymerization and elucidates the synergistic catalysis at the Ni(0)/Ni(II) interface, paving the way
for sustainable biomass conversion.
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1. Introduction

Recently, the lignin-first strategy has gained popularity in biomass
refining processes, not only because of its pivotal role in carbon emis-
sions reduction but also as the sole natural source of aromatic rings (Sun
et al., 2020; Liu et al., 2025; Jia et al., 2024; Lin et al., 2023). However,
lignin, as a three-dimensional structured biopolymer, is difficult to uti-
lize directly due to its disordered units, complex linkages, and high
molecular weight (Chen et al., 2025; Luo et al., 2025; Shu et al. (2016)
a). p-O-4 is the predominant linkage in the cleavage process of lignin,
constituting 45-60 % of its structure and characterized by its relatively
lower bond energy (Cai et al., 2023; Liu et al. (2024a); Rigo et al., 2025;
Zhou et al., 2025). Therefore, targeting the p-O-4 linkage is paramount,
yet efficient cleavage under mild conditions remains elusive.

Currently, various methods have been employed to cleave the $-O-4
bond, including hydrolysis, (Xue et al., 2020) oxidation, (Liu et al.,
2022) the use of ionic liquids, (Xin et al., 2023) supercritical treatment,
(Pérez et al., 2018) and biological and enzymatic strategies (Chauhan,
2020). Among these methods, hydrogenolysis holds significant indus-
trial potential, offering numerous advantages such as high monomer
yields and effectively preventing coke formation through saturation of
reactive polycyclic structures. A wide range of catalytic systems,
including noble metals, transition metals, and sulfidic catalysts, have
been investigated for the p-O-4 hydrogenolysis process (Chio et al.,
2019; Shen et al., 2024). As a mature industrial hydrogenation catalyst,
Ni is an attractive choice due to its availability and connected cost-
effectiveness. Zhou et al. explored the influence of lanthanum-
modified Ni/CNT catalysts on (-O-4 cleavage and the hydro-
deoxygenation process under 240 °C (Zhou et al., 2020). They confirmed
that Brgnsted acid sites play an important role through specific experi-
ments and DFT calculations. Xu et al. investigated hydrogenolysis of a
dimeric lignin model compound using Ni/ZnO-Al;O3 achieving high
selectivity for ethylcyclohexane under 190 °C.(Xu et al., 2017) As harsh
conditions are still typical for lignin hydrogenolysis, constructing Ni(0)/
Ni(II) interfaces that couple Hj activation on Ni(0) with C—O polari-
zation and transition-state stabilization on Ni(I)/NiO is a logical strat-
egy to lower the barriers and achieve mild operation.(Wang et al.,
2023).

Layered double hydroxides (LDHs) provide a practical materials
route to engineer adjacent Ni(0)/Ni(II) domains. In Ni-Al LDHs, tuning
the M2"/M3* ratio and interlayer anions enables a topotactic trans-
formation (LDH — mixed oxides, LDO) followed by Hj reduction that
yields metallic Ni in intimate contact with residual Ni(II) species. In
contrast to conventional impregnation or co-precipitation routes, the
LDH-derived approach provides intimately interfaced Ni/NiO domains
with high dispersion and controllable Ni(0)/Ni(II) ratios. Under
controlled reduction, a fraction of Ni(II) is retained due to strong met-
al-oxygen interactions and the oxygen/hydroxyl reservoir of the sup-
port, furnishing Ni(0)/Ni(II) interfaces. The density of Ni(0)/Ni(II)
interfaces can be adjusted through composition and activation condi-
tions, which underpins our experimental design. Beyond lignin chem-
istry, Kuhaudomlap’s research into the effects of divalent Ni on furfural
hydrogenation demonstrated that Ni(0) and Ni(II) produce a synergistic
promotional effect (Kuhaudomlap et al., 2023). Similarly, Zhao et al.
investigated the cooperative catalysis of Ni(0) and Ni (II) in converting
nitrobenzene to aniline, proposing a mechanism where metallic Ni dis-
sociates Hy while Ni(II) adsorbs NO groups (Zhao et al., 2016). Although
these reactions differ from lignin hydrogenolysis, they collectively
motivate a Ni(0)/Ni(Il) interfacial strategy to lower the barriers required
for mild B-O-4 cleavage, providing the conceptual basis for the present
work.

In this study, we investigated mild hydrogenolysis of the p-O-4
linkage using LDH-derived Ni-Al catalysts designed to create Ni(0)/Ni
(I1) interfaces. We synthesized catalysts with varied Ni/Al ratios by co-
precipitation and used XPS, TEM, and in situ XAFS to verify coexisting
Ni(0)/Ni(Il) and to evidence interfacial sites under operating conditions.
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We evaluated catalytic activity on 2-phenethyl phenyl ether (PPE) as a
f-O-4 model and extended the assessment to lignin under mild condi-
tions. DFT comparisons between Ni(1 1 1) and Ni(1 1 1)/NiO(1 0 0)
models elucidated how Ni(II) modulated the electronic structure of Ni
(0) and lowered key barriers along the $-O-4 pathway. Taken together,
these results supported the working hypothesis that the Ni(0)/Ni(II)
interface was the key active site enabling mild hydrogenolysis.

2. Experimental section
2.1. Catalyst preparation

Ni-Al LDH Catalysts: Initially, Ni(NO3),-6H20, AI(NO3)3-9H0, and
urea were dissolved in deionized water and sonicated for 30 min. The
solution was then transferred into a three-necked flask and stirred with a
magnetic stirrer for 3 h to ensure uniform mixing. The mixture was
subsequently heated to 100 °C in an oil bath and reacted for 12 h. After
cooling to room temperature, the solution was washed until the pH
reached 7. The precipitate was separated using a centrifuge and dried
overnight in an oven at 70 °C. This Ni-Al LDH was then calcined at
500 °C for 3 h with a heating rate of 5 °C/min to form Ni-Al LDO. Finally,
the Ni-Al LDO was reduced in a 10 % Hy/N5 atmosphere under 500 °C
for 2 h at a 5 °C/min heating rate.

Ni-Al Impregnation catalyst: First, Ni(NO3),-6H20 and commercial
v-Al;O3 were dispersed in deionized water and sonicated for 30 min. The
solution was then placed into a single-necked flask and the water was
removed using a rotary evaporator. Subsequently, the same drying,
calcination, and reduction steps as the Ni-Al LDH catalyst were applied.

Ni-Al Precipitation catalyst: Ni(NO3)2-6H20 and commercial AloO3
were dissolved in deionized water and sonicated for 30 min. Then, 1 M
NaOH was gradually added to the solution until the pH reached 10,
followed by overnight stirring for aging. The solution was then washed
with deionized water to completely remove Na ions, and the same
drying, calcination, and reduction steps as the Ni-Al LDH catalyst were
followed.

2.2. Catalytic performance test

Typically model compound for HDO experiments: 0.2 g of the model
compound (PPE, acquired from VWR Chemicals), 0.2 g of the catalyst,
and 20 g of the solvent (decalin, sourced from Sigma Aldrich) were
placed into batch reactor. The catalyst test under different temperatures
was performed under 25 bar (room temperature) Hy and 1 h reaction
time at the target temperature. Prior to each reaction, the reactor was
purged three times with pure argon (Ar) to ensure complete removal of
air. Throughout the reaction, the temperature was increased with a rate
of 3.3 °C/min, and the mixture was stirred continuously at 600 rpm.
After the reaction, the catalyst was removed through filtration and the
liquid product was then analyzed using GC-MS (Agilent 6890 N with an
Agilent 5973 N mass spectrometer) for compound identification and GC-
FID (HP 5890 gas chromatograph equipped with an Rxi®5Sil MS
capillary column, 0.25 pm x 0.25 pm x 30 m) for quantification of each
compound.

2.3. DFT calculation

In this study, we performed slab model calculations utilizing the
VASP (Kresse and Furthmiiller, 1996a, 1996b) alongside the ASE (Bahn
and Jacobsen, 2002). Exchange and correlation energies were derived
using the PBE functional (Perdew et al., 1996). The vdW corrections
were incorporated through the application of Grimme’s DFT-D3 method
(Grimme et al., 2010). Inner electrons were modeled using PAW pseu-
dopotentials, (Blochl, 1994; Kresse and Joubert, 1999) setting a cutoff
energy at 450 eV. The Brillouin zone sampling was executed via a
I'-centered k-point mesh, generated employing the Monkhorst-Pack
method. DFT + U (U = 6.3 eV) is employed to improve the
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description of systems with strongly correlated Ni 3d electrons in NiO
(Rohrbach and Hafner, 2005). Geometry optimizations proceeded until
the force on each atom diminished below the convergence threshold of
0.03 eV/A, ensuring energy convergence within 10~® eV. We employed
the Climbing Image Nudged Elastic Band (CINEB)(Henkelman et al.,
2000) and dimer methods to investigate the transition states of
elemental reactions. All of the transition state structures were tested to
make sure only one imaginary frequency, and the thermo energy
correction was calculated by the package of VASPKIT (Wang et al.,
2021).

3. Results and discussion
3.1. Catalyst characterization

Fig. la schematically outlines the synthesis of the Ni/NiO/Al,O3
catalyst derived from LDH structure via the coprecipitation method.
Utilizing the properties of LDH, we can produce a series of catalysts with
varying Ni contents by adjusting the Ni precursor ratio. Consequently,
we have synthesized catalysts with high Ni content, achieving an
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optimal composition of up to 70 wt% Ni in this study. The variations in
Ni content were quantified using inductively coupled plasma optical
emission spectrometry (ICP-OES) (see Supplementary Material). The
layered morphology of the Ni-Al LDH was analyzed by scanning electron
microscopy (SEM), displaying an intriguing flower-like shape with petal
thicknesses of approximately 10 nm, depicted in Figs. 1b,c. The layered
morphology ensures uniform distribution of Ni-Al, which is corrobo-
rated by the SEM with energy dispersive X-ray spectroscopy (EDX)
mapping results (see Supplementary Material). The successful synthesis
of the LDH structure was further verified by X-ray diffraction (XRD)
analysis, as shown in Fig. 2a, where characteristic peaks at 11.7°, 23.6°,
and 35.2° indicate well-formed Ni-Al LDH crystalline particles. Upon
calcination in air, the LDH was transformed into LDO and subsequently
reduced in a 10 % Hy/N3 atmosphere to produce the catalyst consisting
of Ni based on Al;0s. As illustrated in Figs. 1d,e, the layered structure of
the LDH was retained, confirming that the basic framework remained
intact during thermal treatment. The layered characteristic layered
pattern benefits subsequent annealing processes, preventing the unfa-
vorable formation of overly large particles due to agglomeration. The
XRD results displayed in Fig. 2a demonstrate the presence of NiO and

Ni Al LDH

Calcination &

Reductlon

Fig. 1. A. schematic illustration of the synthesis of ni al catalyst derived from ldh structure; b, c. SEM images of Ni Al LDH structure; ¢, d. SEM images of Ni/Al
catalyst; f. the TEM image of Ni/Al catalyst; g. High resolution TEM image of Ni/Al catalyst; h-i. EDX-mapping from TEM of Ni/Al catalyst.
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Fig. 2. A. xrd patterns of ni-al 1dh, ni-al 1do, and ni/al-2 catalyst after reduction; b. XRD patterns of different Ni/Al ratio catalysts; c. Ni 2p High resolution XPS
spectra for Ni/Al catalyst; d. Raman spectra for different Ni/Al ratio catalysts; e. Normalized Ni K edge XANES spectra of the Ni/Al-2 catalyst and selected Ni
reference compounds; f. Fourier-transformed k2-weighted Ni K edge EXAFS spectra of the Ni/Al-2 catalyst during reduction and selected Ni reference compounds.

Al,03 after the reduction, confirming the successful transformation of
Ni-Al layered double oxide (LDO) into Ni, NiO, and Al;Os3. Specifically,
within the LDO spectrum, peaks corresponding to NiO are observed at
37.3°,43.4°, and 63.0°. Additionally, peaks indicative of Ni are detected
at 44.5° and 51.8°. However, the characteristic peaks for Al,O3 are not
distinctly visible, possibly due to its poor crystallinity. Transmission
electron microscopy (TEM) images shown in Fig. 1f provide a more
detailed depiction of the catalyst’s morphology compared to SEM im-
ages, revealing white particles embedded within a grey matrix. It is
hypothesized that the grey matrix consists of a partly amorphous AlyO3
framework, while the white particles contain a high amount of Ni. The
particle size distribution, depicted in Fig. 1f (subfigure), is relatively
uniform, primarily ranging from 7 to 11 nm, indicating a good homo-
geneity. Subsequent elemental distribution analyses, presented in
Fig. Th-k, confirm the grey matrix as composed of aluminum and oxy-
gen, thus validating it as Al,O3. The areas with white particles pre-
dominantly show distributions of Ni and oxygen. Combined with XRD
results, these findings suggest that the white particles are a mixture of Ni
and NiO.

Interestingly, NiO was still present along with Ni after the reduction
process, as confirmed through various analytical methods. Analysis of
XRD patterns (Fig. 2b) revealed characteristic diffraction peaks

attributable to both metallic Ni and NiO phases. In the sample with the
lowest Ni loading (Ni/Al-0.25), these reflections exhibited notable peak
broadening and relatively low intensity, indicative of smaller crystallite
dimensions and enhanced dispersion of Ni-based species. With
increasing Ni/Al ratios (from Ni/Al-0.5 to Ni/Al-4), the characteristic Ni
diffraction peaks progressively evolved, displaying enhanced sharpness
and intensity, suggesting increased crystallite size or higher overall Ni
content. The concurrent presence of NiO reflections confirmed the
coexistence of both Ni(0) and Ni(II) species. Significantly, NiO diffrac-
tion peaks were exclusively detected in samples with Ni/Al ratios
exceeding 1, suggesting that elevated Ni concentrations facilitate the
detection of residual NiO following the reduction process. The Ni 2p X-
ray photoelectron spectroscopy (XPS) spectrum (Fig. 2c¢) reveals a
complex peak structure consisting of a distinct peak at 852 eV, a
dominant peak at 856 eV, and a characteristic satellite feature at higher
binding energies (~862 eV) (Xu et al., 2024). Based on reference
binding energies from literature, the peak at 852 eV can be assigned to
metallic nickel, while the peak at 856 eV is characteristic of Ni(II) spe-
cies. The presence of the satellite peak at 862 eV, a distinctive spectral
feature of Ni(Il), provides additional confirmation of the oxidized nickel
species in the sample. These spectral features demonstrate the coexis-
tence of both metallic and oxidized nickel species on the catalyst surface.
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This observation suggests that during the synthesis or subsequent
treatment processes, nickel underwent partial reduction, resulting in a
mixed-valence state rather than complete conversion to the metallic
form. Then according to Raman spectroscopy results depicted in
Figs. 2d, a peak at approximately 550 cm ™! corresponds to NiO, whereas
Ni showed no signal, corroborating the XRD findings that NiO remained
(Wang et al., 2025). Lastly, HRTEM (High-Resolution Transmission
Electron Microscopy) results presented in Fig. 1g demonstrate different
lattice spacings; measurements identified various exposed facets of Ni
and NiO, confirming the coexistence of metallic and ionic Ni on the
surface. The Hy-TPR results (see Supplementary Material) of the Ni/Al-2
catalyst also confirmed that it has a reduction peak at 700 °C, which
indicates that the reduction conditions at 500 °C are insufficient to
completely reduce all NiO. This indirectly validates the reasonable
coexistence of Ni(0) and Ni(II).

In situ X-ray absorption spectroscopy (XAS) analysis was performed
to elucidate the evolution of Ni species under reducing conditions during
thermal treatment from ambient temperature to 600 °C in a Hy/He at-
mosphere. The in situ X-ray absorption near-edge structure (XANES)
spectra (Fig. 2e) exhibited systematic changes in both the absorption
edge position and white line intensity with increasing temperature,
indicating the progressive reduction of NiO-like species to metallic Ni.
The observed edge position shift toward that of the Ni foil reference
suggested an increasing proportion of Ni(0). However, the incomplete
overlap between the sample spectra and the Ni foil standard at 600 °C
indicated the persistence of Ni(II). This interpretation was corroborated
by the white line intensity, which remained elevated compared to the
metallic reference. Quantitative analysis through linear combination
fitting of the XANES data (see Supplementary Material) revealed that at
500 °C, the sample comprised 56.8 % Ni(II) and 43.2 % Ni(0). Subse-
quent heating to 600 °C resulted in a decrease in Ni(II) content to 20.7
%, demonstrating the progression of the reduction process. The struc-
tural evolution was further characterized by Fourier-transformed (FT)
k3-weighted extended X-ray absorption fine structure (EXAFS) analysis
(Fig. 2f), complemented by k*weighted EXAFS spectra (see Supple-
mentary Material). With increasing reduction temperature, the Ni-O
coordination peak (characteristic of NiO at ~ 1.6 }o\) diminished in in-
tensity, while the Ni-Ni peak (approximately 2.5 A) intensified,
consistent with the progressive transformation of the NiO lattice to
metallic Ni under Hy atmosphere. The persistent Ni-O feature in the
EXAFS spectrum at maximum temperature indicated incomplete
reduction. First-shell EXAFS fitting of the sample at 600 °C (and after
cooling to ambient temperature) yielded Ni-O coordination numbers of
1.1-1.3 (see Supplementary Material). These results quantitatively
confirmed approximately 80 % reduction of Ni, supporting the coexis-
tence of metallic and oxidized nickel species. Ni K-edge WT (Wavelet-
transform) maps (see Supplementary Material) reveal that the Ni/Al-2
catalyst reduced at 400 °C is dominated by a low-k band at R’ ~ 1.5 A,
assigned to the Ni-O first coordination shell, and a high-k feature ap-
pears at R’ ~ 2.7 A from the Ni-Ni second shell, indicating a largely
oxidized state. Upon heating to 500 °C, the metallic Ni-Ni first-shell
signal at R' ~ 2.3 A strengthens markedly, whereas Ni-O first shell
and Ni-Ni second shell remain detectable, evidencing the coexistence of
metallic Ni and oxygen-coordinated Ni species and thus abundant
interfacial sites. Further increasing the temperature to 600 °C renders
the metallic Ni-Ni first shell dominant and the Ni-O contribution nearly
disappears; the pattern approaches that of Ni foil, consistent with par-
ticle growth and enhanced metallic connectivity.

The comprehensive in situ XANES and EXAFS analyses demonstrated
that while the formation of metallic Ni proceeded with increasing
reduction temperature, a significant fraction of NiO remained stable.
These findings establish that the catalyst maintains a dual-phase
composition of Ni(0) and Ni(II) after reduction treatment under the
specified conditions.
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3.2. Hydrogenolysis of PPE

The catalytic performance was evaluated through PPE hydro-
genolysis experiments. Initially, catalysts prepared by various methods
were evaluated. According to Fig. 3a, the Ni/Al-2 catalysts derived from
the LDH structure exhibited superior performance, requiring only
125 °C to achieve the desired outcome. In contrast, catalysts prepared
via wet impregnation and co-precipitation methods required a minimum
temperature of 180 °C, with complete conversion requiring a tempera-
ture of 220 °C. Notably, the Ni/Al-2 sample reduced at 400 °C was
predominantly NiO with negligible Ni(0) (see Supplementary Material)
and showed no activity at 125°. Taken together, these observations
suggest that neither purely NiO nor fully metallic Ni is optimal under
mild conditions; rather, the superior activity of the LDH-derived catalyst
at 125 °C likely originates from the coexistence of Ni and NiO—i.e.,
Ni-NiO interfacial sites. Then, the Ni/Al catalyst derived from LDH was
compared with other catalysts reported in the literatures (Fig. 3b) (Bjelic
et al., 2020; Luo et al., 2016; Lv et al., 2022; Salam et al., 2021; Yang
et al., 2022; Zhang et al., 2020). For the hydrogenolysis of PPE, Ru is
commonly used as the active metal; however, non-noble transition
metals like Ni typically require higher temperatures. In our work, by
adjusting the presence of Ni(0) and Ni(II), the Ni/Al materials derived
from LDH catalyst exhibited high catalytic activity under mild condi-
tions. Detailed conditions of these experiments are summarized (see
Supplementary Material).

Subsequently, catalysts with varying Ni/Al ratios were evaluated,
shown in Fig. 3c. It was observed that conversion rates increased with
the Ni/Al ratio, achieving complete conversion when the ratio exceeded
1. This improvement may be attributed to the absence of the NiO phase
when the Ni/Al ratio was below 0.5. Specifically, in the hydrogenolysis
of PPE, the catalyst with a Ni/Al ratio of 2 showed minimal dimer for-
mation and exhibited the highest selectivity for monomers. This in-
dicates that the synergistic effect between Ni(0) and Ni(II) is optimal
when the Ni/Al ratio is 2. Moreover, the majority of the products were
fully hydrogenated benzene derivatives, suggesting that aromatic com-
pounds are less likely to persist under stringent hydrogen conditions.
Given that ring saturation is typically metal-driven, the shift from eth-
ylbenzene to ethylcyclohexane at higher temperature is most consistent
with enhanced hydrogenation on Ni(0) under Hy. The acidic contribu-
tion (from the AlyO3 matrix/residual hydroxyls) is considered second-
ary, potentially assisting in hydrolysis/methanolysis of (-O-4
intermediates rather than in direct ring hydrogenation. Finally, the Ni/
Al LDH-derived catalyst with a ratio of 2 was tested at various temper-
atures, as depicted in Fig. 3d. At 100 °C, no catalytic activity was
observed. However, when the temperature exceeded 125 °C, the con-
version rate reached 100 %. In terms of product selectivity, an increase
in temperature led to a higher formation of dimer byproducts. The dimer
fraction is plausibly derived from condensation of benzyl/phenoxy in-
termediates on acid sites, rather than unconverted PPE. This view is
consistent with the simultaneous rise of ring-hydrogenated species and
suggests a temperature-activated competition between C—O scission/
hydrogenation and acid-promoted coupling. Additionally, the product
transitioned from ethylbenzene to the fully hydrogenated product eth-
ylcyclohexane. This demonstrates that the catalyst exhibits optimal
hydrogenolysis performance under relatively mild conditions. Overall, a
working network can be outlined: (i) p-O-4 hydrolysis/methanolysis to
cleavable fragments; (ii) hydrogenolysis at Ni(0)/Ni(Il) interfaces to
form phenolic/aryl products; (iii) subsequent ring hydrogenation on Ni
(0) yielding ethylcyclohexane; and (iv) acid-assisted condensation of
benzyl/phenoxy intermediates leading to dimers. The stability of the Ni/
Al-2 catalyst was evaluated (see Supplementary Material), which
exhibited excellent durability, maintaining a conversion rate of over 93
% after five consecutive cycles. Finally, The Ni/Al-2 catalyst was applied
to a real organosolv lignin (obtained via hydrothermal treatment at
220 °C) to evaluate its hydrogenolysis activity. The composition distri-
butions of the feedstock and the reaction products by GC-MS (Fig. 3e),
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Fig. 3. A. The conversion of PPE Hydrogenolysis over Ni/Al catalysts prepared by different methods at various temperature. Reaction conditions: 0.2 g PPE, 0.2 g
Catalyst, 20 g decalin, 25 bar Hy, 1 h; b. Comparison of PPE hydrogenolysis conditions from different literatures; c. The conversion and selectivity of PPE hydro-
genolysis over different Ni-Al ratio catalysts. Reaction conditions: 0.2 g PPE, 0.2 g Catalyst, 20 g decalin, 125 °C, 25 bar Hy, 1 h; d. The conversion and selectivity of
PPE hydrogenolysis over Ni/Al-2 catalyst at various temperature. Reaction conditions: 0.2 g PPE, 0.2 g Catalyst, 20 g decalin, 25 bar Hj, 1 h; e. Product distribution
from the hydrogenolysis of organosolv lignin over Ni/Al-2 as determined by GC-MS. Reaction conditions: 0.2 g lignin, 0.2 g Catalyst, 25 g methanol, 150 °C, 25 bar

Hy, 2 h.

GPC and NMR (see Supplementary Material) indicate that part of the
lignin was hydrogenolyzed to phenolic monomers, yield 5.7 %, together
with a small fraction of dimers. The reaction was conducted at 150 °C
under 25 bar H; for 2 h. Compared with prior studies on lignin hydro-
genolysis, this yield is relatively low, which is attributable to the lower
reaction temperature and the limited reaction time employed here (Luo
et al., 2025; Shen et al., 2017; Shu et al., 2016b). Nevertheless, these
results demonstrate that the Ni/Al-2 catalyst remains effective and

promising for the depolymerization of real lignin.

3.3. DFT Calculation

DFT calculations were used to investigate reaction mechanism and
the synergistic interaction bewteen Ni(0) and Ni(Il). The stable low-
index facets, 111 and 100, are utilized for modeling Ni and NiO,
respectively (see Supplementary Material). Combined TEM, XRD, and
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XAS analyses reveal the coexistence of Ni and NiO, highlighting the need
to interrogate the Ni(0)/Ni(Il) interface. However, conventional cluster
models contain under-coordinated metal atoms that can spuriously
enhance apparent reactivity. To mitigate this artifact and better repre-
sent realistic coordination at the interface, a Ni(1 1 1)/NiO(1 0 0)
nanowire model was adopted for the simulations.(Polierer et al., 2019;
Whittaker et al., 2018; Zhao et al., 2017) To simplify the computations,
the effects of varying the number of NiO layers were examined. The
comparative analysis of three-layer and two-layer NiO configurations on
reactant adsorption energies revealed only a minor difference of 0.1 eV.
Furthermore, the stability of Ni nanowire on various adsorption sites
was tested (see Supplementary Material), with results indicating that the
most stable configuration involved Ni bonding with oxygen on the NiO
surface. Consequently, a model comprising a two-layer NiO(1 0 0) with a
three-layer Ni nanowire was adopted, as depicted in Fig. 4a.
Subsequently, to explore the influence of NiO on the electronic
structure of Ni, the density of states (DOS) for both Ni(111) and the Ni
(111)/NiO(100) nanowire were compared. The partial density of states
(PDOS) for their 3d orbitals is presented in Fig. 4b. Around — 2 eV, the
electronic state peak position of Ni(1 1 1)/NiO(1 0 0) shifts compared to
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that of Ni(111), indicating that Ni is influenced by the underlying NiO
layer, leading to modifications in its electronic structure. Furthermore,
the results suggest that the 3d orbitals of Ni(1 1 1)/NiO(1 0 0) become
more localized. Since Ni is not in a purely metallic state in this system, its
orbital occupancy and energy distribution shift towards higher energy
levels, causing the d-band center to move to lower energies. The shift of
the d-band center is typically associated with changes in surface reaction
activity; generally, when it is closer to the Fermi level, the system ex-
hibits higher activation capability. Then ELF analysis (see Supplemen-
tary Material) indicates reduced electron delocalization for Ni at the Ni
(1 1 1)/NiO(1 0 0) interface relative to Ni(1 1 1), consistent with an
electropositive Ni®t character. Charge density difference (See supple-
mentary materials Fig. S18) together with Bader analysis (see Supple-
mentary Material) further show a net transfer of ~ 1.69 electrons from
interfacial Ni to the NiO overlayer, predominantly localized within the
immediate contact layer. Taken together, these charge analyses indicate
that electron-depleted interfacial Ni®" exhibits exhibit higher catalytic
activity and, owing to its Lewis acidity, more readily polarize C—O
bonds to achieve their cleavage.

Subsequently, we assessed the adsorption energies of PPE on Ni(1 1
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1), NiO(1 0 0), and Ni(1 1 1)/NiO(1 0 0) (see Supplementary Material),
while the optimal adsorption energies are illustrated in Fig. 4c. Here,
NiO exhibited the lowest adsorption energy, with higher values
observed for Ni(1 1 1) and Ni(1 1 1)/NiO(1 0 0). Since the adsorption
energy of PPE is primarily contributed by the benzene ring, we utilized
benzene as a test case to validate our adsorption energy calculations.
Previous DFT calculations and experimental studies have established
that the adsorption energy of monocyclic aromatic hydrocarbons and
their derivatives on Ni(1 1 1) typically ranges from — 2.0 to — 2.4 eV.(Jia
and An, 2018; Liu et al. (2024b)) For instance, the experimentally
determined adsorption energy of benzene on Ni(1 1 1) is reported as —
2.13 eV.(Cox et al., 1970) In our study, we calculated an adsorption
energy of — 2.03 eV (see Supplementary Material), which demonstrates
excellent agreement with both experimental data and previous DFT re-
sults. Furthermore, considering that adsorption of monocyclic aromatics
on metal surfaces follows a trend where a lower d-band center corre-
sponds to stronger adsorption, one would anticipate Ni(1 1 1)/NiO(1 0
0) to exhibit more robust adsorption than Ni(1 1 1).(Hammer and
Ngrskov, 2000; Toyoda et al., 2009) To further explore their charge
transfer characteristics, we conducted charge density difference and
Bader charge analysis (see Supplementary Material), the results of which
are shown in Fig. 4d—f. From the charge distribution, we observed sig-
nificant charge transfer during PPE adsorption on both Ni(1 1 1) and Ni
(1 1 1)/NiO(1 0 0) nanowire, indicating strong chemical adsorption. In
contrast, the charge transfer between NiO(1 0 0) and PPE was weaker,
suggesting physisorption. Bader charge analysis further revealed elec-
tron transfers of 0.51 and 0.80 electrons from Ni(1 1 1) and Ni(1 1 1)/
NiO(1 0 0) nanowire surfaces to PPE, respectively, while NiO showed
negligible electron transfer.

Therefore, we calculated the reaction pathway diagram (Fig. 4g) for
PPE hydrogenolysis using both the Ni(111) and Ni-NiO models. Guided
by prior results that C—O cleavage initiates with dehydrogenation,
dehydrogenation barriers at representative sites were first evaluated
(see Supplementary Material) (Wen et al., 2025). On both Ni(1 1 1) and
the Ni(111)/NiO(100) interface, the preferred initial step follows the
same pathway: Ph-CH;-CHy-O-Ph — Ph-CH-CH3-O-Ph*, where Ph
denotes phenyl ring. The detailed reaction steps involved in this process,
energies of intermediates, and the relevant transition state structures are
summarized (see Supplementary Material). Overall, the reaction is
exothermic, with a Gibbs free energy change (AG) of — 1.75 eV at 398 K.
Comparing the Ni(1 1 1) and Ni(1 1 1)/NiO(1 0 0) systems, the Ni(1 1
1)/NiO(1 0 0) exhibits a smoother energy variation during the funda-
mental hydrogenolysis steps of PPE, making it thermodynamically more
favorable. Additionally, in the desorption steps of the products, Ni(1 1
1)/NiO(1 0 0) shows a greater thermodynamic change, indicating that
the monomeric products may be more challenging to desorb, facilitating
further hydrogenation and saturation of the benzene rings. The energy
barrier for the C—O bond cleavage in PPE is only 0.35 eV on Ni(1 1 1)/
NiO(1 0 0), compared to Ni(1 1 1), suggesting a lower kinetic barrier.
This finding also corroborates the experimental results, where catalysts
prepared via wet impregnation and coprecipitation, as well as the Ni/Al-
0.25 LDH catalyst, were unable to activate the C—O bond cleavage
process at 125 °C (398 K) due to the absence of NiO. Furthermore, for
the hydrogenation of monomeric intermediates after cleavage, Ni(1 1
1)/NiO(1 0 0) exhibits a lower energy barrier compared to Ni(1 1 1).
This suggests that Ni(0)/Ni(II) facilitates a faster conversion of in-
termediates, thereby enhancing the overall reaction rate.

4. Conclusions

In this study, a series of Ni/Al catalysts derived from LDH structures
were successfully synthesized with varying ratios. Among them, the Ni/
Al-2 catalyst achieved complete PPE conversion under relatively mild
conditions (125 °C, 25 bar) and notably depolymerized organosolv
lignin under same conditions. In the catalyst characterization analysis,
both Ni(0) and Ni(II) were confirmed to still be present after reduction.
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Therefore, mechanistic investigations revealed that the presence of NiO
altered the surface charge distribution of Ni, which in turn shifted the d-
band center. This change affected the adsorption energy of PPE on the Ni
(1 1 1)/NiO(1 0 0) surface and significantly influenced the cleavage
barrier of the $-O-4 bond, facilitating the overall catalytic process. This
study not only presents a highly efficient catalyst for the hydrogenolysis
of biomass dimers under mild conditions but also sheds light on the
synergistic catalytic interactions between Ni(0) and Ni(II).
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