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Abstract

Achieving selective conversion of lignin-derived phenolic compounds to cycloalkanes
under mild conditions remains a significant challenge. Herein, we report a novel iron-
incorporated two-dimensional NiO nanosheet supported Pd-Pt alloy catalyst (Pd1.7-
Pt0.3/NiO-5FeOx) that is capable of facilitating highly efficient hydrodeoxygenation (HDO)
of lignin-derived phenolic model compounds (e.g., 2,6-dimethoxy-4-methylphenol) under
mild conditions (250 ◦C, 5 atm H2). The reaction mechanism was investigated through
various characterization techniques and mechanistic studies: introducing FeOx into the
NiO support increases the proportion of defect-related oxygen species (Oβ), enhances
adsorption of the key hydrogenated alcohol intermediate 4-methylcyclohexanol, and opti-
mizes the acidity distribution of the catalyst, thereby promoting C(sp

3)-O bond cleavage
(dehydroxylation) toward cycloalkane formation. The catalyst achieved high conversion
(>95%) for various lignin-derived phenolics and high selectivity (93.0%) toward methylcy-
clohexane under mild conditions. This work offers new insights into the design of efficient
biomass conversion catalysts under mild conditions and provides an energy-efficient route
for the sustainable utilization of lignin resources.

Keywords: lignin-derived phenolics; hydrodeoxygenation; cycloalkanes; bimetallic Pd-Pt
catalyst; bio-oil

1. Introduction
Lignocellulosic biomass is an abundant and low-cost renewable resource in nature,

considered a significant alternative to fossil resources [1–3]. Among the three major com-
ponents of lignocellulose (cellulose, hemicellulose, and lignin), lignin is the only one
containing aromatic structures, making it a unique feedstock for sustainable aromatic chem-
icals. Its efficient valorization can be utilized for the synthesis and production of aviation
fuels [4], fine chemicals [5], and other value-added products. In particular, lignin pyrolysis
or liquefaction generates bio-oil rich in methoxyphenolic compounds (e.g., guaiacol [6],
eugenol [7]), which require further upgrading to obtain stable fuel-grade hydrocarbons.

Among the current studies on phenolic conversion, catalytic cracking [8], pyrolysis [9],
and hydrogenation deoxygenation [10] are the main methods. However, during catalytic
cracking and pyrolysis, a considerable amount of carbon is lost, accompanied by the
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formation of CO and CO2. Direct liquid-phase conversion of phenol to aniline has been re-
ported using nickel-based perovskite catalysts [11]. While this system offers environmental
benefits through the elimination of reducing gases (H2/NH3) and demonstrates excellent
catalyst recyclability, it suffers from limited phenol conversion (~83%) and moderate aniline
yield. Hydrodeoxygenation has attracted extensive attention from researchers because it
can almost completely remove oxygen from phenolic compounds to generate high-quality
hydrocarbon products [12]; it avoids carbon loss caused by the formation of CO/CO2 in
catalytic cracking and decarboxylation reactions; and through the design of catalysts and
the control of reaction conditions, it can flexibly achieve high selectivity in the production
of aromatics or cycloalkanes [13].

Hydrodeoxygenation (HDO) has been widely explored by scholars as an effective
way to upgrade bio-oil into high-value products by severing the C-O bond or saturating
the aromatic ring structure [14–16]. However, the complex structural characteristics of
lignin-derived phenolic compounds pose significant challenges: the hydrogenation of
aromatic rings is thermodynamically unfavorable and typically requires elevated hydrogen
pressures (50~100 atm H2), while the cleavage of Caromatic-O bonds (particularly Ar-O)
demands specific active sites due to their high bond dissociation energies [17–19]. Therefore,
developing catalysts capable of efficient HDO under mild pressure conditions remains an
important goal.

Among various catalytic systems, precious metals such as Pd [20], Pt [21] and Ru [22]
have demonstrated superior hydrogenation activity for HDO reactions, particularly under
mild hydrogen pressures that are desirable for safe and energy-efficient operation. How-
ever, the catalytic performance of these precious metal systems is strongly governed by
the support properties [23]. Conventional single-component oxide supports often exhibit
inherent limitations for HDO reactions: non-reducible oxides (e.g., Al2O3, SiO2) lack ox-
ophilic sites for C-O bond activation, favoring aromatic ring hydrogenation over direct
deoxygenation [24–27]; while reducible oxides (e.g., TiO2, ZrO2), despite possessing ox-
ophilic cation sites, often require harsh conditions (high temperature/pressure) to achieve
effective metal–support interaction for efficient deoxygenation [28–30].

Recent efforts have tackled these issues by tuning support acidity, redox proper-
ties, and metal–support electronic interactions [31–33]. Despite these advances, single-
component supports still face persistent challenges, including poor dispersion of active
metal species and structural instability under reaction conditions, such as phase transfor-
mation and reduction in oxide supports [34–36]. To address these challenges, hydrogen
spillover, the dissociation of H2 on metal sites followed by atomic H migration to the
support, offers a compelling strategy to boost HDO activity under mild conditions [37–39].
Efficient spillover requires supports with abundant oxygen vacancies and favorable elec-
tronic structures, which can extend active sites beyond the metal surface and enable direct
support participation in hydrogenation and deoxygenation [40].

Transition metal doping represents a promising approach to create such oxygen
vacancy-rich supports. Functionalization via transition metal doping has emerged as
a powerful strategy to modulate the support’s electronic and structural properties [41–44].
Among various dopants (e.g., Mo [45], Fe [46], Nb [47]), Fe has attracted particular attention
due to its ability to regulate oxygen vacancy concentration and acid site distribution on
support surfaces, thereby enhancing hydrogen activation and C-O bond cleavage [48–50].
For example, Yang et al. developed a Pd-FeOx/SiO2 catalyst for the solvent-free HDO of
furan compounds under atmospheric pressure, where Fe modification suppressed unde-
sired C-C cleavage and promoted Pd-Fe alloy formation, significantly enhancing catalytic
activity [46]. Li et al. designed an efficient FeOx modified Ru/Nb2O5 catalyst for the highly
selective production of ethylbenzene from birch lignin oil. Characterizations showed the in-
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troduction of FeOx increased the oxygen vacancies on the surface of Nb2O5, thus promoting
the cleavage of C-O bonds [51].

In our previous work, we developed a Pd-Pt/NiO catalyst that achieved efficient
HDO of phenols at near-ambient H2 pressure (1 atm H2) [52]. However, pure NiO supports
exhibit structural instability under reaction conditions and limited substrate range, hin-
dering their wider applications. In the current research on the production of cycloalkanes
from lignin-derived phenols via hydrodeoxygenation, reaction pressure of the phenolic
compounds remains relatively high, and studies employing 2,6-dimethoxy-4-methylphenol
as the direct substrate remain limited (Table 1). This is primarily due to the necessity
of additional demethoxylation and dehydroxylation steps when using 2,6-dimethoxy-
4-methylphenol, which introduces extra complexity to the conversion process. Taking
inspiration from the role of iron species in regulating support performance [53,54], we
incorporated iron species into NiO to stabilize the lattice structure, enrich surface oxygen va-
cancies, and thereby facilitate hydrogen spillover, ultimately improving HDO performance.
A series of Pd1.7-Pt0.3/NiO-nFeOx catalysts were synthesized and systematically evaluated
for HDO of complex lignin-derived phenolics to cycloalkanes. This work demonstrates a
hydrogen spillover-mediated catalyst design strategy for improving HDO performance un-
der mild reaction conditions, providing insights into designing stable and efficient biomass
conversion catalysts.

Table 1. The effects of catalysts on phenols HDO as reported in the literature.

Feedstock Catalyst Reaction Conditions Performance Ref.

Phenol Ru/γ-Al2O3 230 ◦C, 20 atm H2, 1 h Cyclohexane: 84% [55]
Phenol Ni/SiO2 300 ◦C, 50 atm H2, 16 h Cyclohexane: ~89% [56]
Phenol Ru/Nb2O5-MC 200 ◦C, 10 atm H2, 4 h Cyclohexane: 100% [57]

Guaiacol Ru/SiO2-ZrO2 260 ◦C, 10 atm H2, 4 h Cyclohexane: 96.7% [58]
Guaiacol FeNi-ZrO2 300 ◦C, 40 atm H2, 8 h Cyclohexane: 89.4% [59]
Guaiacol Ru/BEA 250 ◦C, 40 atm H2, 2 h Cyclohexane: 71.9% [60]
Eugenol Ni/SBA-15 + ZSM-5 260 ◦C, 30 atm H2, 1.5 h Propylcyclohexane: 67.9% [61]
Eugenol Ni/Al-SBA-15 240 ◦C, 20 atm H2, 2 h Propylcyclohexane: 78% [62]

4-Propylphenol Ni/HZSM-5 250 ◦C, 50 atm H2, 2 h Cyclohexanes: 92% [63]
4-Methylphenol Pt/NiO-Al2O3@Fe3O4 300 ◦C, 20 atm H2, 1.5 h Methylcyclohexane: 82.9% [64]
2,6-Dimethoxy-4-

methylphenol Pd1.7-Pt0.3/NiO-5FeOx 250 ◦C, 5 atm H2, 10 h Methylcyclohexane: 93.0% This work

2. Results and Discussion
2.1. HDO Catalytic Performance of Pd1.7-Pt0.3/NiO-nFeOx Catalyst

The catalytic performance of Pd1.7-Pt0.3/NiO-nFeOx catalysts with varying Fe doping
levels (n = 0, 3, 5, 10 mol%) was evaluated for the HDO of 2,6-dimethoxy-4-methylphenol,
as summarized in Table 2. It can be seen that compared with the pure nickel oxide support
catalysts (entry 1), the catalysts after the support doped with iron have better catalytic activ-
ity for the same substrate (entry 2–4), and all of them achieve almost complete conversion
of the substrate (>99%) and more than 15% selectivity of methylcyclohexane, in which the
Pd1.7-Pt0.3/NiO-5FeOx had the highest catalytic activity with 46.4% selectivity for methyl-
cyclohexane. When the reaction time was extended to 10 h over Pd1.7-Pt0.3/NiO-5FeOx

(entry 5), the methylcyclohexane selectivity increased substantially from 46.4% to 93.0%,
while the 4-methylcyclohexanol selectivity decreased from 28.7% to 2.2%, and toluene
selectivity dropped from 17.3% to 1.4%. As reaction time increased, 4-methylcyclohexanol
and toluene were gradually converted to methylcyclohexane, indicating a sequential HDO
pathway under relatively mild conditions (5 atm H2, 250 ◦C).
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Table 2. Catalytic performance of 2,6-Dimethoxy-4-methylphenol over Pd1.7-Pt0.3/NiO-nFeOx

catalysts a.

Entry Catalyst Conversion (%)
Selectivity (%)

Methylcyclohexane 4-Methylcyclohexanol Toluene Others

1 Pd1.7-Pt0.3/NiO >98.5 0.6 ± 0.2 93.2 ± 0.5 1.2 ± 0.2 5.0 ± 0.3
2 Pd1.7-Pt0.3/NiO-3FeOx >99.5 31.4 ± 0.1 35.3 ± 0.1 24.5 ± 0.2 8.8 ± 0.2
3 Pd1.7-Pt0.3/NiO-5FeOx >99.5 46.4 ± 0.2 28.7 ± 0.2 17.3 ± 0.1 7.6 ± 0.2
4 Pd1.7-Pt0.3/NiO-10FeOx >99.5 19.6 ± 0.3 40.6 ± 0.4 35.2 ± 0.2 4.6 ± 0.2

5 b Pd1.7-Pt0.3/NiO-5FeOx >99.9 93.0 ± 0.5 2.3 ± 0.2 1.4 ± 0.1 3.3 ± 0.2
a 30 mg substrate, 20 mg catalyst, 5 atm H2, 250 ◦C, 3 h. Others mainly represent 4-methyl-1-cyclohexene, p-Cresol
and 2-Methoxy-4-methylphenol. b Reaction time was extended to 10 h; others: cyclohexanol, cyclohexane.

2.2. Characterization of Catalyst Structure and Surface Properties

In order to investigate the underlying mechanism of Fe-doping catalysts in HDO
performance enhancement, all the catalysts (Pd1.7-Pt0.3/NiO, Pd1.7-Pt0.3/NiO-3FeOx, Pd1.7-
Pt0.3/NiO-5FeOx, Pd1.7-Pt0.3/NiO-10FeOx) were detected by XRD (Figure S2), the patterns
of which show three characteristic diffraction peaks at 2θ = 37.3◦, 43.3◦ and 62.8◦ (Figure S2),
corresponding to the (111), (200) and (220) planes of the NiO support [65,66]. Pd or Pt
metals show no distinctive peaks due to the low loading or small particles [67]. Meanwhile,
no distinct Fe oxide reflections were observed, suggesting it was highly dispersed inside
the support.

Subsequently, the SEM characterization of the catalysts with different molar percent-
ages of iron doping was carried out, and the results are shown in Figure S3. The support
structure was shown at a scale bar of 500 nm for Pd1.7-Pt0.3/NiO, Pd1.7-Pt0.3/NiO-3FeOx,
Pd1.7-Pt0.3/NiO-5FeOx, and Pd1.7-Pt0.3/NiO-10FeOx, respectively, which show that the
four groups of catalysts exhibit uniform 2D nanoflower-like structures (Figure S3a–d).
However, the catalyst support showed thinner and smaller nanosheets crosslinked with
each other compared with the pure NiO supports in the case of Fe-doped catalysts, which
may be due to the interaction between Fe and Ni. The thinner and smaller nanosheets have
a larger specific surface area, which may provide more adsorption active sites during the
catalytic process, and increase the hydrogenation performance of the catalysts [68].

The textural properties of different catalysts were investigated by N2 physisorption at
77 K, with the specific surface area, average pore diameter, and pore volume summarized in
Table 3. Pd1.7-Pt0.3/NiO-5FeOx exhibited the largest specific surface area (316.1 m2·g−1) and
the smallest average pore diameter (9.9 nm) among all samples. Notably, Pd1.7-Pt0.3/NiO-
3FeOx and Pd1.7-Pt0.3/NiO-10FeOx displayed textural properties similar to the undoped
Pd1.7-Pt0.3/NiO catalyst (specific surface area: 263.2 m2·g−1; pore diameter: 17.1 nm). The
unique structural characteristics of the 5 mol% Fe-doped catalyst indicate that the influence
of iron doping on the catalyst is not linear but rather in a volcano shape. And 5 mol% Fe
doping level may be the optimal condition for modifying the NiO support structure. The
enhanced specific surface area could potentially provide more surface sites for active metal
dispersion. As shown in Figure S4, all catalysts exhibited type IV N2 adsorption–desorption
isotherms according to the IUPAC classification, confirming their mesoporous nature. The
hysteresis loops were characteristic of H3-type, indicating the presence of slit-shaped pores
formed by plate-like particles [69].
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Table 3. Specific surface area and pore size distribution of the Pd1.7-Pt0.3/NiO and the different moles
Fe-doped catalysts detected by BET.

Catalyst SBET (m2·g−1) VPore (cm3·g−1) Dpore (nm)

Pd1.7-Pt0.3/NiO 263.2 1.13 17.1
Pd1.7-Pt0.3/NiO-3FeOx 266.5 0.94 14.2
Pd1.7-Pt0.3/NiO-5FeOx 316.1 0.78 9.9

Pd1.7-Pt0.3/NiO-10FeOx 263.1 1.04 15.8

The elemental compositions of the catalysts were determined by ICP-OES, as sum-
marized in Table S1. Across all samples, Pd and Pt loadings were fairly consistent (about
1.7 wt% and 0.3 wt%, respectively), suggesting the noble metal deposition was successful.
The Fe contents determined by ICP-OES were 1.8, 3.1, and 6.7 wt% for NiO-3FeOx, NiO-
5FeOx, and NiO-10FeOx, respectively. The measured values increased proportionally with
the nominal doping levels, confirming successful Fe incorporation into the NiO support.

TEM characterization was used for a more in-depth microscopic study of the cat-
alysts. Figure 1a,d,g,j shows the TEM images of four groups of catalysts attributed to
the catalysts Pd1.7-Pt0.3/NiO, Pd1.7-Pt0.3/NiO-3FeOx, Pd1.7-Pt0.3/NiO-5FeOx, and Pd1.7-
Pt0.3/NiO-10FeOx, respectively. It can be seen that the four groups of catalysts all exhibit
nanosheet morphology with interlocking stacking structures. At the same time, all four
catalysts exhibit dispersed metal particles, with little metal agglomeration to form large
metal clusters. The diameters of the metal particles of the four groups of catalysts were
measured using particle size calculation software (Nano Measurer 1.2). The average diam-
eter of the metal particles of the Pd1.7-Pt0.3/NiO catalyst was 2.98 nm (Figure 1c), while
the average particle diameters of the iron-doped catalysts were 2.92, 3.04, and 3.10 nm,
respectively (Figure 1f,i,l). There was no significant difference in the average diameters of
metal particles of the iron-doped catalysts compared to that of the pure nickel oxide catalyst.
The lattice stripe spacing of the metal particles was measured using HR-TEM, and the
results are shown in Figure 1b,e,h,k. This intermediate d-spacing provides evidence for the
formation of Pd-Pt alloy nanoparticles, consistent with previous reports on Pd-Pt bimetallic
systems [70,71]. Elemental mapping (Figure S5) confirms that Pd and Pt are uniformly
dispersed in all catalysts with no significant aggregation, consistent with TEM results. For
Fe-doped samples (Figure S5b–d), Fe is also homogeneously distributed throughout the
NiO support.

Figure 2 shows the XPS characterization profiles of different catalysts. As can be seen
from Figure 2a,b, although Pd and Pt were loaded by chemical reduction, both metals
exist in metallic and oxidized states after alloy formation. The peak located around 67.8 eV
in the Pt 4f region (Figure 2b) is attributed to the Ni 3p orbital [72]. Figure 2c shows
the XPS pattern of Ni 2p. The Ni2+ binding energies of the iron-doped catalysts shift
toward higher values compared with the pure nickel oxide catalyst. For example, the Ni2+

peaks in the Ni 2p1/2 and Ni 2p3/2 orbitals of Pd1.7-Pt0.3/NiO-5FeOx are positively shifted
by ~0.9 eV compared with those of Pd1.7-Pt0.3/NiO, respectively, which is probably due
to the interaction between Ni and Fe in the supports [73]. In Figure 2d, the Fe 2p peaks
are weak due to the low Fe content and overlap with the Ni LMM Auger peaks. Figure 2e
shows the O 1s spectra for different catalysts, where peaks at 532.0 eV are attributed to
adsorbed oxygen species, those at 530.9 eV are attributed to oxygen species associated with
defect sites (Oβ) [74,75], and those at 529.4 eV are attributed to lattice oxygen species [76].
Pd1.7-Pt0.3/NiO-5FeOx has the highest proportion of Oβ species, which are favorable
for the adsorption and activation of oxygen-containing compounds and may enhance
surface acidity [77]. This may be one of the reasons for the excellent catalytic effect of
Pd1.7-Pt0.3/NiO-5FeOx.
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Figure 1. TEM, HR-TEM, and particle size distribution of different catalysts: (a–c) Pd1.7-Pt0.3/NiO,
(d–f) Pd1.7-Pt0.3/NiO-3FeOx, (g–i) Pd1.7-Pt0.3/NiO-5FeOx, (j–l) Pd1.7-Pt0.3/NiO-10FeOx.

2.3. Performance for 2,6-Dimethoxy-4-methylphenol HDO over Pd1.7-Pt0.3/NiO-5FeOx Catalysts

The Pd1.7-Pt0.3/NiO-5FeOx catalyst was examined under different reaction conditions.
The effect of reaction temperature was first investigated. As shown in Figure 3a and
Table S2, substrate conversion increased with increasing reaction temperature, achieving
nearly complete conversion (>99%) at 250 ◦C. The selectivity toward methylcyclohexane
increased with temperature up to 250 ◦C, but decreased when the temperature was fur-
ther raised to 270 ◦C. This decrease may be attributed to thermodynamic limitations, as
aromatic ring hydrogenation is highly exothermic and elevated temperatures shift the equi-
librium toward dehydrogenation; additionally, catalyst sintering at higher temperatures
may also contribute. Meanwhile, the selectivity of 4-methylcyclohexanol decreased as the
temperature rose, which is consistent with thermodynamic equilibrium constraints on the
exothermic hydrogenation of 4-methylcyclohexanol to methylcyclohexane—at moderate
temperatures (230–250 ◦C), the conversion of 4-methylcyclohexanol to methylcyclohexane
is thermodynamically and kinetically favorable.
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Figure 2. XPS spectra of different catalysts: (a) Pd 3d, (b) Pt 4f, (c) Ni 2p, (d) Fe 2p and (e) O
1s spectra of Pd1.7-Pt0.3/NiO, Pd1.7-Pt0.3/NiO-3FeOx, Pd1.7-Pt0.3/NiO-5FeOx and Pd1.7-Pt0.3/NiO-
10FeOx catalysts.

Figure 3. Conversion and selectivity of HDO reactions over the Pd1.7-Pt0.3/NiO-5FeOx catalyst
at (a) different reaction temperatures, (b) different initial H2 pressures and (c) different reaction
times. Reaction conditions: 30 mg Substrate, 20 mg catalyst, 12 mL n-tetradecane; (a) 5 atm H2,
3 h; (b) 250 ◦C, 3 h; (c) 5 atm H2, 250 ◦C; (d) potential reaction pathways for the conversion of
2,6-dimethoxy-4-methylphenol to methylcyclohexane.
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The effect of hydrogen pressure was also examined (Figure 3b and Table S3). The
selectivity toward methylcyclohexane increased with increasing H2 pressure, while the
selectivities of 4-methylcyclohexanol and toluene decreased gradually. This indicates that
higher hydrogen pressure thermodynamically and kinetically favors complete aromatic
ring hydrogenation and subsequent deoxygenation. The time-course study (Figure 3c and
Table S4) revealed that 4-methylcyclohexanol was the predominant product at the initial
stage with a selectivity of 89.9%. Its selectivity continuously decreased over time, while the
selectivity of methylcyclohexane steadily increased, indicating the sequential dehydroxy-
lation of 4-methylcyclohexanol to methylcyclohexane. Notably, the selectivity of toluene
first increased and then decreased as the reaction progressed. This observation suggests
the existence of two parallel reaction pathways: (1) a major pathway involving aromatic
ring hydrogenation followed by deoxygenation, and (2) a minor pathway involving direct
deoxygenation to form toluene, which is subsequently hydrogenated to methylcyclohexane.
Under these reaction conditions, the dominant pathway follows the sequence of aromatic
ring hydrogenation first, followed by dehydroxylation.

From the perspective of product distribution, the conversion of 2,6-dimethoxy-4-
methylphenol over Pd1.7-Pt0.3/NiO-5FeOx proceeds through two main reaction pathways
(Figure 3d). In the primary pathway, 2,6-dimethoxy-4-methylphenol first loses its methoxy
groups to give p-cresol which is an intended intermediate. From there, the aromatic ring
gets hydrogenated, yielding 4-methylcyclohexanol. 4-Methylcyclohexanol progressively
gave way to methylcyclohexane during the reaction. As for toluene, its selectivity peaked
early and then declined, pointing to its role as an intermediate along the secondary pathway.
The secondary pathway involves demethoxylation and dehydroxylation of 2,6-dimethoxy-
4-methylphenol to generate toluene, which is subsequently hydrogenated to form methylcy-
clohexane. The time-course study revealed that 4-methylcyclohexanol was the predominant
product at the initial stage of the reaction. As the reaction proceeded, 4-methylcyclohexanol
gradually converted into methylcyclohexane, while toluene selectivity first increased
and then decreased, indicating its role as an intermediate in the secondary pathway.
These observations support that the primary reaction pathway follows the sequence of
demethoxylation → aromatic ring hydrogenation → deoxygenation → hydrogenation.

To evaluate the stability of the Pd1.7-Pt0.3/NiO-5FeOx catalyst, we conducted recycling
tests over five consecutive reaction cycles (Figure 4a). In all five cycles, the conversion
rate of 2,6-dimethoxy-4-methylphenol remained almost complete (about 100%), indicating
excellent stability of the catalyst in substrate conversion. However, the selectivity of methyl-
cyclohexane showed some fluctuations within five cycles, ranging from approximately
21.5% to 31.6%. In order to investigate the structural changes in the catalyst after recycling,
we characterized the spent catalyst using XRD, TEM, and XPS. The XRD pattern (Figure 4b)
shows that both fresh and recycled catalysts exhibit broad diffraction characteristics and
low crystallinity. After five cycles, the characteristic peak corresponding to NiO (JCPDS
number 47-1049) still remains, indicating that the overall support structure has been pre-
served. TEM analysis (Figure 4c) indicates that some aggregation of metal nanoparticles
occurred after recycling, which may be due to the partial reduction in NiO support to
metallic Ni in a hydrogen atmosphere [78]. The XPS characterization of the O 1s region
(Figure 4d) shows that the proportion of oxygen vacancies decreased from 65.4% in the
fresh catalyst to 59.5% after five cycles. The decrease in oxygen vacancy concentration,
combined with the observed particle aggregation phenomenon, may be the reason for the
fluctuation of product selectivity, as oxygen vacancies are important sites for the adsorption
and activation of oxygen-containing reactants [79]. Future work will focus on improving
the sintering resistance of this catalyst by optimizing the support structure and modulating
the metal–support interaction to develop a more robust catalytic system for biomass HDO.
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Figure 4. (a) Reusability of Pd1.7-Pt0.3/NiO-5FeOx for 2,6-dimethoxy-4-methylphenol HDO. Reaction
conditions: 150 mg substrate, 100 mg catalysts, 12 mL n-tetradecane, 5 atm H2, 250 ◦C and 2 h.
(b) XRD spectra of the Pd1.7-Pt0.3/NiO-5FeOx catalyst before and after five catalytic cycles; (c) TEM
image of Pd1.7-Pt0.3/NiO-5FeOx catalyst after five cycles. (d) XPS spectra of O 1s for fresh catalyst
and after 5th use.

2.4. Mechanism Studies

In order to elucidate the reasons for the enhanced HDO activity of the catalyst af-
ter iron doping, we studied the reaction effects of three key intermediates: toluene, 4-
methylcyclohexanol, and p-cresol (Table 4). Under the same reaction conditions (5 atm H2,
250 ◦C, 3 h), both catalysts achieved complete conversion (>99%) of all substrates. The most
significant difference was observed in the reaction results of 4-methylcyclohexanol: the
selectivity of Pd1.7-Pt0.3/NiO-5FeOx for methylcyclohexane was 84.0%, while the selectivity
of Pd1.7-Pt0.3/NiO was only 50.2%. This 34% enhancement indicates that iron doping
specifically promotes the dehydroxylation of saturated cyclic alcohols (Csp

3-O cleavage). In
contrast, the selectivity of the two catalysts for toluene hydrogenation was similar (93.7% vs.
95.8%), confirming that aromatic ring saturation is not significantly affected by iron doping.
For p-cresol, which undergoes both ring saturation and dehydroxylation simultaneously,
the iron-doped catalyst showed improved selectivity for both methylcyclohexane (47.2% vs.
26.2%) and toluene (26.0% vs. 6.3%), indicating that iron doping may also promote direct
Caromatic-O cleavage, albeit to a lesser extent than Csp

3-O cleavage.
The reduction behavior and hydrogen activation performance of the catalyst were stud-

ied through H2-TPR and H2-TPD characterization. As shown in Figure 5a and Table S5, all
four catalysts exhibited two distinct reduction peaks, located in the ranges of 257.9–272.3 ◦C
and 509.5–520.1 ◦C, respectively. Among them, the reduction peak in the low-temperature
region should be attributed to the reduction in Ni2+ to Ni0. The peak located near the high
temperature may be attributed to the reduction in bulk NiO and NiO species that strongly

https://doi.org/10.3390/catal16040330

https://doi.org/10.3390/catal16040330


Catalysts 2026, 16, 330 10 of 20

interact with Fe doping [80]. Interestingly, the peak exhibits a non-monotonic trend: the
3FeOx sample shows the highest reduction temperature (520.1 ◦C), while the reduction
temperatures of the 5FeOx and 10FeOx samples slightly decrease (511.8 ◦C and 512.7 ◦C,
respectively). This phenomenon may be due to the strong Fe–O–Ni interaction formed by
isolated iron ions at low Fe doping levels; however, a higher Fe loading may lead to the
aggregation of iron species, thereby reducing the strength of the interaction [73].

Table 4. The HDO activity of intermediates over Pd1.7-Pt0.3/NiO and Pd1.7-Pt0.3/NiO-5FeOx catalyst.

Catalyst Substrate Conversion
(%)

Selectivity (%)

Methylcyclohexane 4-
Methylcyclohexanol Toluene Others

Pd1.7-Pt0.3/NiO p-cresol >99.9 26.2 ± 0.2 67.5 ± 0.4 6.3 ± 0.2 -
Pd1.7-Pt0.3/NiO-5FeOx 47.2 ± 0.3 23.2 ± 0.2 26.0 ± 0.2 3.6 ± 0.3

Pd1.7-Pt0.3/NiO 4-
methylcyclohexanol >99.9 50.2 ± 0.4 - - 49.8 ± 0.4

Pd1.7-Pt0.3/NiO-5FeOx 84.0 ± 0.5 - - 16.0 ± 0.5

Pd1.7-Pt0.3/NiO toluene >99.9 93.7 ± 0.5 - - 6.3 ± 0.5
Pd1.7-Pt0.3/NiO-5FeOx 95.8 ± 0.5 - - 4.2 ± 0.5

Reaction conditions: 30 mg substrate, 20 mg catalyst, 5 atm H2, 250 ◦C, 3 h. Others: cyclohexanol, cyclohexane.

Figure 5. (a) H2-TPR and (b) H2-TPD spectras of Pd1.7-Pt0.3/NiO, Pd1.7-Pt0.3/NiO-3FeOx, Pd1.7-
Pt0.3/NiO-5FeOx and Pd1.7-Pt0.3/NiO-10FeOx catalysts.

The hydrogen adsorption capacity of catalysts significantly affects the catalytic hydro-
genation reaction. To investigate the hydrogen adsorption capacity of different catalysts,
four groups of catalysts were characterized by H2-TPD-MS (Figure 5b). The characteri-
zation results shown in Figure 5b demonstrated that all four groups of catalysts showed
weakly bound hydrogen desorption peaks at around 100 ◦C, which may be attributed to
the alloy Pd-Pt sites. Compared to Pd1.7-Pt0.3/NiO, the Fe-doped catalysts all showed a
new peak around 275–300 ◦C, which should be attributed to the desorption of hydrogen
species due to the strong interaction with the support after Fe doping. The relative hy-
drogen desorption of the four groups of catalysts was calculated by peak integration. The
hydrogen desorption values follow the order: Pd1.7-Pt0.3/NiO-5FeOx (1.0 × 10−4 a.u./g) >
Pd1.7-Pt0.3/NiO-3FeOx (9.4 × 10−5 a.u./g) > Pd1.7-Pt0.3/NiO-10FeOx (8.8 × 10−5 a.u./g) >
Pd1.7-Pt0.3/NiO (8.5 × 10−5 a.u./g), indicating that Pd1.7-Pt0.3/NiO-5FeOx exhibits the
highest hydrogen activation capability. Moreover, the hydrogen desorption of Fe-doped
catalysts is higher than that of the undoped Pd-Pt/NiO catalyst, suggesting that Fe doping
enhances the hydrogen activation capability.

The acidity of the catalysts plays a critical role in determining their catalytic perfor-
mance. Thus, the surface acidity of the catalysts was systematically investigated in this
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study. Py-IR and NH3-TPD-MS analyses revealed the acidic characteristics of the catalysts.
From the Py-IR spectra in Figures 6a and S6, all four catalysts exhibit similar peak patterns.
The peaks at 1450 and 1610 cm−1 are attributed to Lewis acidic sites [81], while the peak at
1540 cm−1 is attributed to Brønsted acidic sites [82]. The peak at 1490 cm−1 corresponds to
the combined absorption of both Lewis and Brønsted acidic sites. These results suggest
that the catalysts are dominated by Lewis acidic sites, with a small number of Brønsted
acidic sites also present. NH3-TPD-MS (Figure 6b) shows the NH3 desorption profiles
(m/z = 17), further revealing the distribution of acidic sites. Compared to Pd1.7-Pt0.3/NiO,
the Fe-doped catalysts all exhibited larger medium-strong acid desorption peaks, with
Pd1.7-Pt0.3/NiO-5FeOx showing the largest peak, indicating the highest proportion of
medium-strong acidic sites [83].

Figure 6. (a) Py-IR patterns (desorption temperature: 300 ◦C) and (b) NH3-TPD patterns of
Pd1.7-Pt0.3/NiO, Pd1.7-Pt0.3/NiO-3FeOx, Pd1.7-Pt0.3/NiO-5FeOx and Pd1.7-Pt0.3/NiO-10FeOx cata-
lysts. (c) TG analysis and (d) DTG analysis for Methylcyclohexanol desorption over Pd1.7-Pt0.3/NiO,
Pd1.7-Pt0.3/NiO-3FeOx, Pd1.7-Pt0.3/NiO-5FeOx and Pd1.7-Pt0.3/NiO-10FeOx catalysts.

As demonstrated in Table 4, Fe doping significantly enhanced the dehydroxylation of
4-methylcyclohexanol to methylcyclohexane (selectivity increased from 50.2% to 84.0%).
The adsorption capacity of substrates on the surface of catalysts is a key factor affecting
catalytic activity. The previous text confirmed that 4-methylcyclohexanol is the key interme-
diate in the hydrogenation dehydrogenation process of 2,6-dimethoxy-4-methylphenol to
form methylcyclohexane. To investigate the adsorption behavior of 4-methylcyclohexanol
on different catalysts, we pre-adsorbed 4-methylcyclohexanol on the catalyst and performed
thermogravimetric (TG) and derivative thermogravimetric (DTG) analyses (Figure 6c,d).
All four catalysts exhibited a significant weight loss peak at approximately 350 ◦C in the
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DTG curve. The desorption temperature is significantly higher than the boiling point of
4-methylcyclohexanol (about 174 ◦C), indicating strong chemisorption between the sub-
strate and the catalyst surface, rather than simple physisorption. As shown in Table 5,
the desorption mass of 4-methylcyclohexanol follows the order: Pd1.7-Pt0.3/NiO-5FeOx

(0.061 g) > Pd1.7-Pt0.3/NiO-10FeOx (0.054 g) > Pd1.7-Pt0.3/NiO (0.046 g) > Pd1.7-Pt0.3/NiO-
3FeOx (0.040 g). Among them, Pd1.7-Pt0.3/NiO-5FeOx exhibits the highest adsorption
capacity (33% higher than the undoped catalyst). This can be attributed to its largest
specific surface area (316.1 m2/g, Table 3) and enhanced surface–adsorbate interactions
associated with Fe doping.

Table 5. The loss of catalysts detected by TG at near 350 ◦C after methylcyclohexanol absorption.

Catalyst Desorption Mass of Methylcyclohexanol (g)
Pd1.7-Pt0.3/NiO 0.046

Pd1.7-Pt0.3/NiO-3FeOx 0.040
Pd1.7-Pt0.3/NiO-5FeOx 0.061
Pd1.7-Pt0.3/NiO-10FeOx 0.054

In order to further investigate the adsorption behavior at the molecular level, we
conducted density functional theory (DFT) calculations to study the adsorption energy
(Eads) of 4-methylcyclohexanol on different catalyst surfaces (Figure S7). As shown in
Figure S7a, the Eads values of 4-methylcyclohexanol on NiO and NiO-5FeOx supports are
−1.13 eV and −1.65 eV, respectively, indicating that Fe doping enhances the adsorption
strength of the substrate on the support by 46%. After loading Pd-Pt alloy, the adsorption
effect is further enhanced: the Eads of Pd1.7-Pt0.3/NiO is −1.86 eV, while Pd1.7-Pt0.3/NiO-
5FeOx exhibits the strongest adsorption energy, which is −3.33 eV. It is worth noting
that compared to the undoped support (with a 65% increase in adsorption energy from
−1.13 eV to −1.86 eV), the adsorption energy enhancement effect brought by the loaded
alloy is more significant on the Fe doped support (with a 102% increase from −1.65 eV
to −3.33 eV). This indicates that there is a synergistic interaction between the Fe doped
support and Pd-Pt alloy nanoparticles, which jointly promotes the adsorption of the sub-
strate. The optimized adsorption geometry configuration (Figure S7b) shows that on
Pd1.7-Pt0.3/NiO-5FeOx, 4-methylcyclohexanol simultaneously interacts with alloy nanopar-
ticles and support surfaces, which may explain its significantly enhanced adsorption energy.
These DFT calculation results are in good agreement with TG/DTG analysis (Figure 6c,d),
i.e., the highest amount of 4-methylcyclohexanol desorption (0.061 g) was observed on
Pd1.7-Pt0.3/NiO-5FeOx. A stronger adsorption effect is beneficial for the activation of C-O
bonds in 4-methylcyclohexanol, thereby promoting the dehydroxylation reaction and con-
tributing to the highest selectivity of methylcyclohexane (84.0%, Table 4). These findings
indicate that Fe doping alters the electronic structure of reducible NiO supports, which syn-
ergistically interacts with Pd-Pt alloys to form highly active sites favorable for adsorption
and activation of 4-methylcyclohexanol.

In this study, we also investigated the potential active sites of iron-doped supports in
depth by mixing the catalysts with the supports to investigate their reactivity (Figure S8).
As shown in Figure S8a, we first reacted 4-methylcyclohexanol by physically mixing
Pd1.7-Pt0.3/NiO-5FeOx with a certain amount of NiO-5FeOx support. The results showed
that the yield of methylcyclohexane increased from 12.7% (without the addition of sup-
port) to 24.0% after the addition of 0.01 g of support. The yield of methylcyclohexane
further increased to 35.2% after continuing to add the support to 0.02 g. This indicates
that there is some kind of active site on the NiO-5FeOx support, which is able to dehy-
droxylate 4-methylcyclohexanol to methylcyclohexane. However, it was hypothesized
that the pure NiO-5FeOx support could not effectively catalyze the dehydroxylation of
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4-methylcyclohexanol due to the absence of the loaded active metal. To verify this hy-
pothesis, the catalytic activity of pure NiO-5FeOx support on 4-methylcyclohexanol was
investigated by a control experiment. As shown in the red box of Figure S8a, the yield of
methylcyclohexane for the reaction catalyzed by the pure NiO-5FeOx support was only
0.9%, indicating that the pure support barely catalyzes the reaction. This result indicates
that in the mixed support experiment, after mixing the catalyst with the support, the active
metal undergoes the hydrogen spillover effect, and the active hydrogen spills over through
the metal to the surface of the support to produce the second active site, which enables
4-methylcyclohexanol to be activated and reacted at the second active site.

To elucidate whether the Fe species in the support is responsible for accepting spillover
hydrogen, we conducted a control experiment by physically mixing pure NiO support with
Pd1.7-Pt0.3/NiO-5FeOx. As shown in Figure S8b, in sharp contrast to the NiO-5FeOx mixing
experiment, the yield of methylcyclohexane decreased from 12.7% to 8.3% after adding
0.01 g of NiO support and further decreased to 3.3% when 0.02 g was added. This negative
effect contrasts sharply with the promoting effect observed when the NiO-5FeOx support
was added (Figure S8a), where methylcyclohexane yield increased from 12.7% to 35.2%
with 0.02 g NiO-5FeOx addition. The divergent behaviors suggest that pure NiO does
not facilitate the dehydroxylation reaction; instead, it likely suppresses catalytic activity
through competitive adsorption of reactants or intermediates on NiO surface sites, or by
acting as a physical barrier that impedes hydrogen spillover pathways. In contrast, the
presence of Fe dopants in NiO-5FeOx appears critical for creating secondary active sites
capable of accepting spillover hydrogen.

Based on the above observation results and H2-TPD data (Figure 5b), we propose the
following hydrogen spillover-mediated reaction mechanism (Scheme 1): (1) H2 molecules
undergo dissociative activation on Pd-Pt alloy nanoparticles, generating active hydrogen
species. (2) These activated hydrogen species migrate from the metal nanoparticles to the
Fe-doped NiO support surface through hydrogen spillover. (3) Under H2 atmosphere, the
high-valent iron species in the support may be reduced to low-valent iron species and/or
form oxygen vacancies (as evidenced by the increased proportion of Oβ component in XPS
O 1s spectrum, see Figure 2e), and these sites act as secondary active centers to promote
the cleavage of C-O bonds in 4-methylcyclohexanol. (4) The generated methylcyclohexane
desorbs from the catalyst surface, completing the catalytic cycle.

 

Scheme 1. The following hydrogen spillover-mediated reaction mechanism of Pd1.7-Pt0.3/NiO-
nFeOx catalysts.
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Subsequently, Pd1.7-Pt0.3/NiO-5FeOx was applied to the HDO of real lignin bio-
oil derived from enzymatic hydrolysis, and the results are shown in Figure S9. At a
reaction temperature of 250 ◦C, the mass yields of cycloalkanes and cycloalkanols were
2.4% and 19.9%, respectively, indicating that the HDO of lignin-derived phenols remains
inefficient at this temperature under low hydrogen pressure. When the reaction temperature
was increased to 260 ◦C, the mass yields of cycloalkanes and cycloalkanols increased
significantly to 15.7% and 77.8%, respectively, demonstrating that elevated temperature
substantially promotes both the hydrogenation and dehydroxylation reactions. However, a
considerable amount of cycloalkanols remained unconverted to cycloalkanes (Figure S10),
suggesting that enhancing the dehydroxylation activity under mild hydrogen pressure
remains a key challenge for practical lignin valorization.

3. Experimental Section
3.1. Chemicals

Nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O, 98%), iron (III) nitrate nonahydrate
(Fe(NO3)3·9H2O, 98%), sodium nitrate (NaNO3, 98%), and sodium hydroxide (NaOH, 99%)
were purchased from Guangdong Guanghua Sci-Tech Co., Ltd. (Shantou, China). Sodium
borohydride (NaBH4, AR) was purchased from Tianjin Kermel Chemical Reagent Co., Ltd.
(Tianjin, China). Sodium tetrachloropalladate (II) (Na2PdCl4, 98%) was purchased from
Shanghai Haohong scientific Co., Ltd. (Shanghai, China). Sodium hexachloroplatinate (IV)
(Na2PtCl6, 99%), 2,6-Dimethoxy-4-methylphenol (C9H12O3, 98%), p-Cresol (C7H8O, 98%),
4-Methylcyclohexanol (C7H14O, 99%), Toluene (C7H8, 98%), n-tetradecane (C14H30, 98%),
n-hexane (C6H14, 96%), and n-hexadecane (C16H34, 98%) were obtained from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China).

3.2. Catalyst Preparation

The nickel–iron oxide supports NiO-nFeOx were prepared by doping the Ni(NO3)2·6H2O
with different molar percent amounts of iron salt (Fe(NO3)3·9H2O). n refers to the doping
percent of the iron element, n = mol (Fe)/(mol (Fe) + mol (Ni)). The doping amounts of
0 mol%, 3 mol%, 5 mol%, 10 mol%, respectively, correspond to the oxides NiO, NiO-3FeOx,
NiO-5FeOx, NiO-10FeOx.

The synthesis of NiO-5FeOx is detailed here as a representative example as follows
(Scheme S1): 6.72 g of Ni(NO3)2·6H2O, 1.5 g of NaNO3, and 0.49 g of Fe(NO3)3·9H2O
were weighed and added to a three-necked flask containing 200 mL of deionized water
at room temperature. The flask was stirred continuously under nitrogen for more than
10 min; 3.78 g of NaBH4 and 0.42 g of NaOH were dissolved in a beaker containing 80 mL
of deionized water while waiting for the stirring process; a peristaltic pump was used to
add the configured sodium borohydride solution to the three-necked flask at a dropping
rate of 1.6 mL/min, and the rotational speed was increased to 800 rpm. Timing began
upon the addition of the first drop of NaBH4 solution. After 2 h of reduction reaction,
the nitrogen was turned off and the speed was adjusted to 250 rpm for the stirring head
and the three-necked flask was left open to allow the solid suspension to oxidize in air
for 24 h. After full oxidation, a yellowish-green solid suspension was obtained, which
was filtered and washed three times with water and three times with ethanol, and then
dried under vacuum at <50 ◦C (Figure S1). The powder was dried completely and then
ground in a mortar and pestle for 20 min. The powder was then calcined at 400 ◦C under
air atmosphere and kept for 4 h to obtain the support powder.

0.5 g of the prepared supports were dispersed in 20 mL of deionized water, then
0.0226 g Na2PdCl4 and 0.0047 g Na2PtCl6 were added, stirred for 6 h, and then 3.39 mg/mL
of NaBH4 was added dropwise and stirred for 60 min, then filtered through a sintered glass
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funnel and washed three times with water and ethanol, respectively, and then placed in a
vacuum oven for drying.

3.3. Catalytic Performance

The HDO catalytic performance of catalysts were tested in a 50 mL stainless steel high-
pressure reactor. In a typical HDO experiment of model compounds, 30 mg 2,6-Dimethoxy-
4-methylphenol, 20 mg catalyst, and 12 mL n-tetradecane were added to the autoclave
reactor. After purging three times with N2, 5 atm hydrogen was fed into the reactor. And
then the reaction temperature in the reactor was set up and kept stirring mechanically at
400 rpm.

Enzymatic lignin was first catalytically reduced using a Ru/C catalyst in methanol to
obtain lignin oil. Subsequently, the phenolic compounds in the lignin oil were purified by
Soxhlet extraction with n-hexane. The exact details of the procedures, including equipment
specifications and operational conditions, are elaborated in Supplementary Information.
For the HDO reaction of lignin oil, 6 mL of lignin oil, 50 mg of catalyst, and 12 mL n-
tetradecane were added to the reactor. The other steps were the same as those for the
model compounds.

After reaction, the reaction products were quantified by gas chromatography (GC-2030,
Shimadzu, Kyoto, Japan) with HP-5 capillary column (30 m × 0.25 mm × 0.25 µm). The
oven temperature program started at 50 ◦C (held for 1 min). The temperature was raised to
120 ◦C (10 ◦C/min, and held for 1 min), then to 220 ◦C (10 ◦C/min). The product of Bio-oil
was detected by a program started at 50 ◦C (held for 1 min). The temperature was raised to
120 ◦C (10 ◦C/min, and held for 1 min), then to 275 ◦C (10 ◦C/min and held for 5 min).

The conversion, product selectivity and product yield for HDO were calculated
as follows:

Conversion =
(moles of reactant)add − (moles of reactant)out

(moles of reactant)add
× 100%

Selectivity =
moles of product

(moles of reactant)add − (moles of reactant)out
× 100%

Yield =
moles of product

(moles of reactant)add
× 100%

4. Conclusions
In this study, a Pd-Pt alloy catalyst supported on Fe-doped NiO nanosheets

(Pd1.7-Pt0.3/NiO-5FeOx) was developed for hydrodeoxygenation (HDO) of lignin-derived
phenolic compounds to cycloalkanes under mild conditions. This catalyst has good catalytic
activity and selectivity, achieving 99.9% conversion of 2,6-dimethoxy-4-methylphenol with
93.0% selectivity towards methylcyclohexane at 250 ◦C, 5 atm H2, 10 h. Through systematic
characterization and comparative experiments, it was found that the unique electronic
structure of Pd-Pt alloy promotes hydrogen activation and directional migration, while the
NiO-5FeOx support acts as a secondary active site for accepting spillover hydrogen and
promoting C-O bond cleavage, and the two complement each other. The addition of FeOx

increased the content of Oβ, enhanced the hydrogen spillover effect, and also improved
the acidity distribution of the catalyst. These modifications result in better adsorption of
4-methylcyclohexanol (the intermediate and rate limiting step of this reaction), thereby
promoting its dehydroxylation to methylcyclohexane through spillover hydrogen. The
catalyst has good recyclability, and the conversion rate remains almost unchanged after five
consecutive cycles. However, due to factors such as partial metal aggregation and oxygen
vacancy loss, the selectivity of methylcyclohexane fluctuates. When the catalyst was used
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to treat actual lignin derived bio-oil at 260 ◦C, a yield of 77.8% of cycloalkanols and 15.7%
of cycloalkanes were obtained, indicating its potential for biomass resource utilization.
Efficient utilization of hydrogen gas at a mild pressure of 5 atmospheres provides a new
pathway for clean production of lignin-based cycloalkanes. Future work will focus on
improving the stability and dehydroxylation activity of catalysts, in order to achieve better
yields of cycloalkanes in actual lignin raw materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal16040330/s1.
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