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Highlights 

- NiOx decorated Rh NPs was synthesized 
- NiOx segregated the terrace sites, inhibiting the coordination of benzene ring 
- NiOx did not show pronounced electronic modification to the Rh core 
- Hydrogenation was inhibited without compromising the C‒O bond hydrogenolysis 

activity 
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Abstract 

Surface decoration strategy is applied to design NP catalyst for the selective hydrogenolysis of C–O 

bond without hydrogenating benzene ring, which is critical in lignin conversion under hydrogen 

treatment. The synthesized NiOx/Rh NPs are featured with Rh core whose surface is partially blocked 

by NiOx, which segregated the surface terrace zones into smaller segments, preventing the 

coordination and hydrogenation of benzene rings. Moreover, the NiOx shows no electronic 

modification to the Rh core, thereby the blockage effect of NiOx only inhibits the hydrogenation of 

benzene ring but not affect the hydrogenolysis activity of Rh core. 

 

Keywords: Surface decoration; NiOx/Rh; Nanoparticles; Selective hydrogenolysis 
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1 Introduction 
Metal nanoparticles (NPs) are widely used as catalysts for a number of reactions, owing to their 

potentially higher catalytic performance both in terms of activity and selectivity.[1, 2] With the rapid 

progress in nanotechnology over the last two decades, NPs with well-controlled size, morphology, 

composition and surface could be synthesized.[3] Moreover, the use of various characterization 

techniques could unveil the structures of NPs to an unprecedented level, and thereby rationalize the 

structure-activity relationships.[4-7] By controlling the nucleation and growth kinetics, NPs can be 

prepared with controlled sizes by regulating the experimental parameters, such as precursor 

concentration, stabilizer amount, and reduction temperature.[8-15] If a shape-directing agent is 

used in the preparation, it can direct the growth of the NPs through certain crystal directions, 

resulting in NPs with well-defined morphologies.[16-18] Stabilizers containing various pendent 

groups can provide further electron donating or withdrawing effects.[19, 20] When a second metal is 

introduced to form NPs, different bimetallic structures, such as core-shell [21] and nanoalloy [22, 23] 

systems can be obtained depending on the reaction conditions, which can lead to synergy effects. 

The research advances towards well-controlled NP now offer the flexibility for fine-tuning the 

catalytic performance of NPs, by tailoring the electronic or geometric structure of their surface. 

It is anticipated that well-defined, precisely controlled, and highly active/selective NP catalysts can 

help to address the key challenges in future chemical industry, namely the ever increasing demand 

for alternative fuels and sustainable chemicals. The transformation of cellulose,[24-31] 

hemicellulose,[32, 33] lignin,[34-41] lipids[42, 43] and chitin[44-47] into chemicals[48-55] holds a 

high potential to at least complement the current fuel and commodity chemical supply. Catalysis is 

the technological bottleneck for the development of biomass feedstocks into chemicals. Catalysts 

widely used for crude oil refinery may not be easily adaptable for biorefinery, since many of the 

classical catalysts were developed to activate and/or functionalize the main components of fossil 

fuels—the hydrocarbons. Nevertheless, the biomass feedstocks are enriched in oxygen and are 

generally highly-functionalized with hydroxyl, carbonyl, ester, ether and aromatic groups. The high 

oxygen content in raw biomass and platform compounds may induce low heating value, poor 

stability, non-volatility, and corrosiveness (in case of carboxylic acids).[56-58] The selective 

defunctionalization of these feedstock sets high requirements on the catalysts. They have to be 

highly reactive, so that the reaction can be conducted under mild conditions to prevent 

decomposition of the starting materials and/or products. High selectivity is also a crucial 

requirement due to the co-existence of many reactive functionalities.[53, 59] For example, lignin is a 

highly functionalized polymer that is enriched with aromatic rings and C–O bonds. In recent years, 

hydrogenolysis of C–O bonds in lignin has been widely recognized as a promising strategy to break it 

down into monomeric compounds and oligomers, but the competitive hydrogenation of the 

aromatic rings is potentially a problem.[45, 60, 61] Indeed, the undesired hydrogenation reaction 

leads to extra consumption of dihydrogen, and generation of saturated products that are normally of 

lower value. Moreover, the hydrogenation reaction jeopardizes lignin hydrogenolysis. For 2-

phenylethyl phenyl ether, a β-O-4 type of lignin model compound, the Caryl–OCaliphatic bond 

dissociation energy is 289 kJ/mol,[62] whereas the hydrogenated counterpart possesses a Caliphatic–

OCaliphatic bond with a much higher bond dissociation energy of 351 kJ/mol.[63] As such, lignin 

hydrogenolysis becomes much more challenging, if not impossible, in case its aromatic rings undergo 

hydrogenation.[60] Significant effort has been devoted to the selective hindering of the 

hydrogenation of aromatic rings in lignin. For instance, adding NaOH could reduce the rate of 

hydrogenation without compromising C–O bond hydrogenolysis, but the employment of 

homogeneous, strong base imposes other issues.[64] 
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It is well known that at the surface of a given catalyst different active sites can be responsible of 

parallel/competitive reactions. This provides a strategy to develop highly selective NP catalysts via 

specific site blockage. Several recent reports have demonstrated that the decoration of the NP 

surface by the addition of another metal [18, 65-67] or a metal oxide [68-70] could dramatically 

affect the activity and selectivity of the NPs. For example, a study concerned the doping of the 

surface of PVP-stabilized Pd NPs by addition of a second metal (Bi or Te) in the presence of NaBH4 as 

reducing agent for formic acid decomposition. It appeared that while Bi favourably covered the 

higher index sites and led to the inhibition of dehydration reaction, Te preferentially blocked the 

terrace sites and reduced the rate of dehydrogenation reaction.[71] As another example, Co-

decorated Pt NPs synthesized via a sequential chemical reduction by alcohol in the presence of 

preformed Pt seeds, achieved highly selective carbonyl group reduction in the hydrogenation of α,β-

unsaturated aldehydes. It was proposed that the Co decoration electronically influenced the Pt 

surface sites to favour the carbonyl hydrogenation.[72] An alumina coating applied to Pd/Al2O3 by 

atomic layer deposition made the coated catalysts low selectivity in the hydrogenation of furfural 

due to the surface defects site blockage by alumina.[73] Nevertheless, the effect of site blockage has 

not yet been extensively investigated for improving the reaction selectivity in the transformation of 

biomass based feedstock—a critical challenging faced in biorefinery.  

In lignin hydrogenolysis, the undesired hydrogenation of aromatics requires the adsorption of 

benzene rings on a NP terrace whereas this is not necessary for C–O bond hydrogenolysis. As such, 

we envisage a strategy where an inert metal oxide is deposited on a metal NP surface to segregate 

terrace zones, thereby preventing benzene ring coordination and hydrogenation. Along this line, we 

report here the surface decoration of Rh NPs by NiOx via an organometallic approach. The olefinic 

complexes [Rh(η3-C3H5)3] and [Ni(η4-C8H12)2] (also named Rh(allylic)3 and Ni(COD)2, respectively) 

were employed as the metal precursors because their decomposition under dihydrogen atmosphere 

easily leads to the formation of NPs and alkanes as by-products which are inert towards the metal 

surface. Since the contamination effects from the precursors and reducing agents are eliminated, 

this way of NP synthesis is suitable for the exploration of the surface structure-reactivity 

relationships in nanocatalysis.[74-76] As shown in scheme 1, the co-decomposition of Rh(allylic)3 and 

Ni(COD)2 was conducted in THF solution at room temperature (r.t.) under 3 bar H2 and in the 

presence of a polymer, polyvinylpyrrolidone (PVP) as the stabilizer. This polymer is known to not 

interact or only weakly with a metal surface thus allowing to study “naked” metallic surfaces. On the 

basis of different kinetics of decomposition between the two precursors (Rh(allylic)3 is decomposed 

at r.t. while Ni(COD)2 needs higher temperature) in the reaction conditions applied Rh(allylic)3 

decomposed first and formed Rh NPs. Then Ni(COD)2 was catalytically decomposed owing to the 

presence of Rh and Ni deposited at the surface of preformed Rh NPs. Subsequently, Ni was oxidized 

by exposure under air, leading to the formation of NiOx-decorated Rh NPs. It was essential to ensure 

Ni in the oxidation state, since Ni in the metallic state has activity in C–O bond hydrogenolysis [77, 

78], which can complicate the system. For comparison purpose, pure Rh NPs and Ni NPs were 

prepared following the same method, and all the three catalysts have been evaluated in the 

hydrogenolysis of aryl ethers.  

 

2 Experimental 

2.1 Materials & General methods 
All operations concerning the handling and synthesis of organometallic compounds and 

nanoparticles were carried out in Schlenck or Fischer–Porter glasswares using vacuum argon line 
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techniques or in a glove-box, under argon atmosphere. Bis(1,5-cyclooctadiene)nickel(0) ([Ni(COD)2]) 

was purchased from Sigma-Aldrich and used without further purification. Rh trisallyl (III) complex 

[Rh(η3-C3H5)3] was synthesized from the hydrated rhodium chloride salt ([RhCl3•H2O]) and 

allylmagnesiumchloride [CH2=CHCH2MgCl], both purchased from Sigma-Aldrich following a published 

procedure [79]. Polyvinylpyrrolidone polymer (average M.W. 40,000; Sigma-Aldrich) used as the 

stabilizing agent was dried under vacuum over P2O5 at 80 °C for 3 days prior to use. Solvents used 

were dried using a solvent purification system (MBraun MB SPS-800). All reagents and solvents were 

degassed before use according to a freeze-pump-thaw process. H2 was purchased from Air liquide. 

2.2 Synthesis of NPs 

2.2.1 Synthesis of Rh NPs:  
[Rh(η3-C3H5)3](246 mg, 1.09 mmol) was introduced into a Fisher–Porter bottle and left under vacuum 

for 0.5 h. A solution of THF (50 mL) containing 640 mg of PVP (M.W.: 40000; Rh/PVP=10%wt), was 

added into the reactor under freezing temperature (-80 °C). The Fisher–Porter bottle was 

pressurized with dihydrogen gas (3 bar) and then warmed to r.t. After 10 min, a homogeneous black 

colloidal solution was observed but the reaction was kept under pressure over 16 h until completion; 

After elimination of excess H2 under vacuum, the volume of the solution was reduced to 

approximately 10 mL by solvent evaporation before its transfer into a solution of deoxygenated cold 

pentane (100 mL). A black precipitate formed which was filtered, washed twice with pentane and 

dried under vacuum giving rise to the Rh NPs embedded in PVP as a crystalline black powder.  

2.2.2 Synthesis of Ni NPs:  
[Ni(COD)2] (300 mg, 1.09 mmol) was introduced into a Fisher–Porter bottle and left under vacuum 

for 0.5 h. A solution of THF (50 mL) containing 640 mg of PVP (M.W.: 40000; Rh/PVP=10%wt), was 

added into the reactor under freezing temperature (-80°C). The Fisher–Porter bottle was pressurized 

with dihydrogen gas (3 bar) and then immerged into an oil bath pre-heated at 70°C during 16 h, 

leading to a homogeneous black colloidal solution. After evacuation of excess H2, the volume of the 

solution was reduced to approximately 10 mL by solvent evaporation before its transfer into a 

solution of deoxygenated and cold pentane (100 mL). A black precipitate formed which was filtered, 

washed twice with pentane and dried under vacuum giving rise to the Ni NPs stabilized in PVP matrix 

as a crystalline black powder. 

2.2.3 Synthesis of NiOx/Rh NPs 
Both [Ni(COD)2] (150 mg, 0.55 mmol) and [Rh(η3-C3H5)3] (123 mg, 0.55 mmol) were introduced into a 

Fisher–Porter bottle and left under vacuum for 0.5 h. A solution of THF (50 mL) containing 640 mg of 

PVP (M.W.: 40000), was introduced into the reactor under freezing temperature (-80°C). The Fisher–

Porter bottle was pressurized with hydrogen gas (3 bar) and then heated to 70°C by immersion in an 

oil bath. After 10 min, a homogeneous black colloidal solution was observed but the reaction was 

kept under pressure at 70°C over 16 h, for completion. Following a similar purification treatment as 

described previously for Rh and Ni NPs, RhNi NPs were obtained as a crystalline black powder. At 

this stage, both Rh and Ni were in the metallic state. To get the NiOx/Rh NPs, the RhNi NPs powder 

was taken out of the glove box and exposed in opened air for 0.5 h, before storing in the fridge. 

2.3 Characterization of NPs 

2.3.1 ICP-MS 
10 mg of the NPs powder was digested with 10 ml of aqua regia under reflux conditions for 2 h, and 

then the mixture was diluted with deionized water to 100.0 ml. ICP-MS was recorded on Leeman 

ICP-MS system. Calibration standard samples were prepared by the dilution of stock solutions 

containing 100 ppm of Ni or Rh, which were purchased from High-Purity Standards. 
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2.3.2 Electron Microscopy (TEM/HRTEM) 
Samples for TEM/HRTEM analyses were prepared by slow evaporation of a drop of crude colloidal 

solution deposited on holey carbon-covered copper grids under argon (in glove-box). Transmission 

Electron Microscopy at low (TEM) and high resolution (HRTEM) analyses were performed at the 

“Centre de microcaractérisation Raimond Castaing-UMS 3623” in Toulouse. TEM images were 

obtained using a MET JEOL 1011 electron microscope operating at 100 kV with a resolution point of 

4.5 Å or a MET JEOL JEM 1400 operating at 120 kV. HRTEM observations were carried out with a 

JEOL JEM 2010 electron microscope working at 200 kV with a resolution point of 2.5 Å and equipped 

with X-ray analysis PGT (light elements detection, resolution 135 eV).  

Statistical size distributions were built by counting more than 200 non-touching particles and 

nanoparticle mean diameters were determined, by analyzing the TEM images with Imagetool 

software. The analyses were performed by assuming that the nanoparticles are spherical. Size 

distributions are quoted as the mean diameter ± the standard deviation. FFT (Fast Fourier Transform) 

electron microscopy images treatments were performed with Digital Micrograph (Version 1.80.70) 

to determine the crystalline structure. 

2.3.3 XAS 
Ni K edge X-ray absorption spectra (XAS) of the NiOx/Rh and Ni NPs and reference samples (Ni foil, 

and NiO) were recorded at the BL01B1 beamline at the SPring-8 (Japan Synchrotron Radiation 

Research Institute, Hyogo, Japan) in the transmission mode at ambient temperature. A Si (111) 

double crystal monochromator was used to obtain a monochromatic X-ray beam. The 

monochromator was calibrated at the shoulder peak of the absorption edge of an X-ray absorption 

near edge structure (XANES) spectrum of Cu foil. Rh K-edge XAS of the NiOx/Rh and Rh NPs and 

reference samples (Rh foil, and Rh2O3) were also recorded in the same manner except for the use of 

a Si(311) double crystal monochromator. The monochromator was calibrated at the inflection point 

of the XANES spectrum of the Rh foil. In both cases, higher harmonics were removed by changing 

glancing angles of collimation and focusing mirrors. Data reduction was carried out with Athena and 

Artemis included in the Ifeffit and Demeter package. For curve-fitting analysis on extended X-ray 

absorption fine structure (EXAFS) spectra, each theoretical scattering path was generated with 

FEFF6.0L, and amplitude reduction factors were estimated by curve-fitting on the reference samples. 

The k2-weighted EXAFS oscillation in the range of 3.0−15 Å−1 was Fourier transformed, and curve-

fitting analyses were performed in the appropriate range in R space as described in the following 

section. 

2.3.4 XPS 
XPS measurements were performed on a VG Escalab MKII spectrometer, using a mono Al Kα X-ray 

source (hν = 1486.71 eV, 5 mA, 15 kV) and calibrated by setting the C 1s peak to 285.0 eV. 

2.3.5 SQUID 
SQUID measurements were performed on a SQUID magnetometer (MPMS Quantum Design). The 

temperature was varied between 2 and 300 K according to a classical zero-field-cooling/field-cooling 

(ZFC/FC) procedure in the presence of a very weak applied magnetic field (10 Oe). The field 

dependent magnetization was obtained at different temperatures in a magnetic field varying from 

+50 kOe to -50 kOe. 

2.4 Catalytic reactions 
In a typical experiment, the substrate (0.1 mmol, see SI for the synthesis procedure), NPs powder 

(0.01 mmol based on metal), 3 mL DI water and a magnetic stirrer were charged into a high pressure 
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reactor (20 mL). After flushing with H2 for 5 times, the reactor was charged with 10 bar H2, and put 

into a preheated oil bath with a stirring speed of 1000 rpm. After the reaction, the reactor was 

quenched to ambient temperature using cooling water, and the organic products were extracted 

using ethyl acetate (6mL) and analyzed by gas chromatography (GC) and GC-mass spectroscopy (GC-

MS) on an Agilent 7890A gas chromatograph with flame ionization detector (FID) and an Agilent 

7890A-5975 GC-MS instrument, both equipped with HP-5 capillary columns (30 m × 250 μm). The 

peak area was calibrated by FID effective carbon number (ECN)[80] of the representing compound. 

Conversion is defined as the amount of rings in products divided by the total amount of rings found 

on GC-FID, multiplied by 100%; the yield is defined as the amount of rings in individual product 

divided by the total amount of rings found on GC-FID, multiplied by 100%; the selectivity is defined 

as the amount of rings in individual product divided by the amount of rings found in products on GC-

FID: 
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Where n is the number of ring(s) in molecule, e.; i is subscript for monomers, while j is subscript for 

dimers. 

3 Results an Discussion 
The NiOx/Rh NPs were synthesized by co-decomposing a rhodium complex [Rh(η3-C3H5)3] and a 

nickel complex [Ni(η4-C8H12)2] in THF solution under 3 bar of dihydrogen and in the presence of 

polyvinylpyrrolidone (PVP) as a stabilizer. Although researchers have intensively studied its potential 

influence on the catalytic properties of NPs,[81-83] PVP is still regarded as a steric stabilizer with 

relatively weak interaction with metallic surfaces.[84-86] In addition, magnetic measurements 

performed on cobalt NPs prepared by the organometallic approach and stabilized in PVP have 

shown similar behavior as for bulk cobalt, supporting that the PVP has no strong effect on their 

surface properties.[87] As such, it was intentionally chosen to minimize the capping agent effect at 

the NP surface. In the presence of 3 bar H2, the THF solution containing the two precursors and PVP 

turned black immediately upon heating by immersing the reaction tube in an oil bath at 70°C, 

indicating the formation of NPs. After 16 h, purification of the NPs was performed by precipitation of 

the PVP-protected NPs with cold pentane followed by washing and filtration leading to a crystalline 

black powder. This sample of RhNi/PVP NPs was then exposed to air for 30 min to oxidize the Ni into 

NiOx (denoted as NiOx/Rh NPs). Rh and Ni monometallic NPs were also prepared as references in a 

same manner. [Rh(η3-C3H5)3] was immediately decomposed under same conditions ( r.t., 3 bar H2). In 

contrast, no significant change was observed for [Ni(η4-C8H12)2] solution even after stirring under 3 

bar H2 for 24 h. The solution only turned dark overnight when heated at 70 °C under stirring. The 

metal content in each isolated powder was measured by ICP-MS (Table 1). The Rh/Ni ratio in the 

NiOx/Rh NP sample was close to 1:1, same as the ratio of the introduced complexes, indicating the 

fully decomposition of both precursors. The nitrogen content in various NPs, which reflects the 

amount of surface PVP, was estimated from XPS analysis (Table S1). The data suggest that the PVP 
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content is similar among different samples which was expected since all the products were prepared 

by applying a M/PVP=10%wt. Figure 1a-f show typical TEM images as well as corresponding size 

histograms of the as-obtained NiOx/Rh, Rh and Ni NPs. Both NiOx/Rh and Rh NPs were nearly 

spherical and mono-dispersed with mean diameters of 2.2 ± 0.4 and 2.3 ± 0.4 nm, respectively. Ni 

NPs were nearly triangle shaped with a larger mean diameter of 6.5 ± 1.1 nm, probably due to the 

higher temperature used in the decomposition procedure.[88] 

 

Co-decomposed or co-reduced bimetallic systems may lead to different metal distributions, such as 

nanoalloys, core-shell structures, surface decoration structures, and a mixture of separated 

monometallic NPs. The metal distribution in RhNi bimetallic sample was firstly studied by elemental 

distribution analysis using STEM-EDX technique (See Figure S1). Both Rh and Ni were found present 

in randomly selected NPs. Although the Rh/Ni ratio varied significantly in different particles (ranging 

from 1:0.57 to 2.35:1) this result is a strong indication that the NPs are not a mixture of 

monometallic NPs and supports their bimetallic composition. Next, from the HRTEM images of 

NiOx/Rh NPs (Figure 1g,h), it could be clearly observed that the NPs were in well crystalline form. 

Only an interplanar spacing of 0.22 nm was found, corresponding to (111) spacing of fcc Rh. 

Considering that [Rh(allylic)3] is much more easily decomposed than [Ni(COD)2] and that the RhNi 

NPs have a similar particle size (2.2 ± 0.4 nm, Figure 1a, d) as the size of Rh NPs (2.3 ± 0.4 nm, Figure 

1b,e), it is plausible that in the synthesis of NiOx/Rh NPs, [Rh(allylic)3] undergoes fast decomposition 

forming Rh NPs and then the Rh cores catalyze the hydrogenation of COD into cyclooctane, inducing 

the decomposition of [Ni(COD)2] on the Rh cores surface. The co-decomposition procedure follows 

an in situ seed-mediated growth mechanism, leading to the formation of NiOx/Rh NPs where the 

core is pure fcc Rh and surface decorated with Ni.  

Since the Ni domain was not visible by HRTEM, we did a rough estimation on the surface coverage of 

the Rh cores (See SI). We assumed a 2.2 nm sphere particle consisting of 281 close packed Rh atoms 

in the core. In this case, 348 Ni atoms are required to form a close packed monolayer to fully cover 

the surface of Rh NPs. Compared to Rh, equal amount of Ni was used in the synthesis of RhNi NPs, 

which is able to cover only 80 % of Rh NP surface by forming a monolayer. The surface Ni might 

segregate into small islands, dividing Rh terraces into small domains (see Scheme 1). To further 

validate such an assumption, XPS was employed to investigate the electronic state and surface 

content of the NPs. As shown in Figure 2a,b for the Ni 2p region spectra for NiOx/Rh and Ni NPs, the 

shift of the Ni 2p3/2 peak to a higher energy of around 855 eV (compared with metallic Ni which has a 

binding energy of 852.7 eV) and the satellite peaks at around 862 eV were observed in both samples, 

indicating the oxidation of metallic Ni into Ni oxide indeed occurred upon exposure to air. Figure 

2c,d show the original Rh 3d spectra for NiOx/Rh and Rh NPs, as well as the deconvolutions for Rh 

NPs. In addition to the peaks at 307.2 eV, assigning to the binding energy of 3d5/2 for Rh(0), peaks at 

about 309 eV corresponding to Rh(III) can be seen in Rh NPs, indicating the existence of positively 

charged Rh. These could belong to Rh atoms located on NP surface, which are commonly bearing 

certain positive charges.[89] Notably, the signal/noise ratio of the Rh spectrum for NiOx/Rh NPs was 

much lower than that of Rh NPs, which could be ascribed to the coverage of Rh core by Ni species in 

NiOx/Rh NPs. By integration of the Ni 2p region and Rh 3d region spectra, a surface atoms ratio of 

Rh/Ni = 1/4 in NiOx/Rh NPs could be estimated, which is in good accordance with ca. 80 % coverage 

from our model estimation. 
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Then the NPs were characterized by X-ray absorption spectroscopy to study at atomic scale the 

electronic and geometric structure of the NPs. The Ni K-edge XANES spectra of NiOx/Rh and Ni NPs 

(Figure 3a) showed that Ni in these NPs was mostly in oxidized form, in excellent agreement with the 

XPS observation (Figure 2a,b). The white line intensity of NiOx/Rh NPs was similar to the NiO 

reference, indicating that the Ni in NiOx/Rh NPs was almost fully oxidized. On the other hand, a 

medium white line intensity was observed for Ni in pure Ni NPs, suggesting pure Ni NPs contain a 

mixture of metallic Ni and nickel oxide. In NiOx/Rh NPs, the Ni on the surface of RhNi NPs could not 

form a multi-layered shell to prevent the oxidation of Ni in “inner layers”, therefore all Ni was 

oxidized. On the other hand, the core of monometallic Ni NPs was protected by the Ni oxide outer 

layer, and remained in the metallic state. The Rh K-edge spectra of NiOx/Rh and Rh NPs are compiled 

in Figure 3b. The absorption edge for Rh NPs is in between those of Rh foil and Rh2O3, indicating the 

existence of positive charged Rh, in accordance with the XPS analysis. Rh in NiOx/Rh is also partial 

oxidized, sharing an almost same XANES with Rh NPs. This again implies that the decoration of Rh 

NPs by NiOx did not substantially modify the electronic properties of Rh (Figure 3b). 

 

Similar interpretation could be drawn according to the Fourier transformed EXAFS ( Figure 3c,d). The 

main peak in the spectrum of Ni K-edge of NiOx/Rh NPs is at ca. 1.6 Å, corresponding well to Ni–O 

peak. Very limited contribution of Ni–Ni peak at 2.2 Å reveals that the surface Ni on Rh core in 

NiOx/Rh NPs was fully oxidized. On the other hand, very similar EXAFS spectra in the spectra of Rh K-

edge for Rh and RhNi NPs are observed, with similar portions of Rh–O peak at ca. 1.5 Å and Rh–Rh 

peak at ca. 2.3 Å. Furthermore, the EXAFS spectrum fitting was performed (Figure S3), and the 

derived structure parameters are compiled in  

. For the Ni K-edge, the first shell for NiOx/Rh NPs, corresponding to Ni–O, showed a coordination 

number of 4.6, close to the bulk NiO standard, whereas the coordination number of the second shell 

dropped to only 3.7, which was much smaller as compared to bulk NiO standard, indicating the 

segments of NiOx on Rh core were in very small size. As compared to the bulk NiO standard, the NiOx 

species in NiOx/Rh NPs showed a shorter Ni–O distance (2.047 Å < 2.087 Å) and a longer Ni–(O)–Ni 

distance (3.020 Å > 2.952 Å). Moreover, the Debye-Waller factor (σ2) for the fitting of the second 

shell Ni–Ni was quite large, meaning the structure was highly disordered. These results indicate that 

the surface NiOx might mostly exist as NiO6 segments connected weakly by Ni–O–Ni connections. On 

the other side, the structure parameters for Ni NPs are in good accordance with the structure we 

proposed before, where the Ni–Ni was origin from the metallic Ni core, and the Ni–O and Ni–(O)–Ni 

represented the oxidized surface. For both Rh and NiOx/Rh NPs at Rh K-edge, the data could be well-

fitted with Rh–O Rh–Rh but without the Rh2O3 characteristic Rh–Rh1 or Rh–Rh2, indicating metallic 

Rh cores for both samples and the oxygen atoms were only located on the surface (for Rh NPs) or 

the interface of NiOx and Rh core (for NiOx/Rh). Notably, the Rh–Ni was involved to get a better 

curve fitting for the NiOx/Rh sample, but the contribution was very low, with a coordination number 

of 0.6 only. 

 

The magnetic properties of the NiOx/Rh and Ni NPs were investigated by measuring both the field 

dependent magnetization (M–H) and temperature dependent magnetization (ZFC-FC). In the 

magnetization curve M–H measured at 2K (Figure 4a), Ni NPs exhibited ferromagnetic property, the 

magnetization of which increased sharply with increasing field, reaching saturation magnetization Ms 

of 30 emu/g at nearly 10 kOe. This is consistent with the reported Ni NPs prepared and measured 

under similar conditions.[90] On the other hand, NiOx/Rh NPs exhibited antiferromagnetic property, 
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the magnetization of which did not reach saturation even when the field went up to 50 kOe, in good 

agreement with the reported NiO system.[91, 92] For the ZFC-FC measurement, the samples were 

cooled to 2 K first, in the absence of magnetic field. Then a magnetic field of 10 Oe was induced, 

followed by measuring of the magnetization with increasing temperature to obtain the ZFC curves as 

shown in Figure 4b,c in the lower curves. Subsequently, the FC curves (Figure 4b,c, the upper curves) 

were obtained by cooling down the samples back to 2K when keeping the external magnetic field. 

The two samples showed distinguished behaviours in the ZFC-FC measurements. For Ni NPs (Figure 

4b), the blocking temperature (TB) of about 31 K could be seen as the maximum point in ZFC curve, 

and a splitting temperature between ZFC and FC curves could be obtained at around 95 K, in good 

accordance with the reported observations on Ni NPs.[93] For NiOx/Rh NPs (Figure 4c), the low 

magnetization decreased with increasing temperature in both ZFC and FC curves, but no 

characteristic temperatures could be determined from the curves. This was believed to be due to the 

disordered and coordination unsaturated state of the NiO on the shell of NPs.[92]  

 

HRTEM, XPS, XAS and SQUID analysis corroborated with each other, are a strong indication, of the 

following key structural features for the Rh, Ni and NiOx/Rh NPs: Rh NPs were very small in size (2.3 

nm), with surface being partially oxidized; Ni NPs were considerably larger (6.5 nm), and the surface 

is also oxidized; NiOx/Rh NPs possess a Rh core (2.2 nm) with a similar mean size as pure Rh NPs. A 

layer of highly disordered NiOx was found on the Rh core, covering approximately 80% of surface 

sites and breaking up the terrace sites into small segments. The NiOx islands barely showed any 

electron interaction with the Rh core but purely as a modifier tuning surface geometric properties. 

Thus, the NiOx/Rh NPs were suitable for revealing the surface blockage effect in tuning the selectivity 

of catalyst. As it will be seen hereafter, the catalytic data also support this proposed NiOx-decorated 

RhNPs structure, NiOx/Rh. 

Rh is well-known for its excellent benzene ring hydrogenation property.[94, 95] On the other hand, 

its activity in C–O bond hydrogenolysis, is typically low. In order to explore the surface site blockage 

effect on the selective hindering of benzene ring hydrogenation without compromising C–O bond 

hydrogenolysis, compounds 1a-c were selected to react with 10 bar H2 in water over Rh, NiOx and 

NiOx/Rh NPs (Table 3). As shown in Table 3, entry 1 and Figure S5, monometallic Rh NPs showed high 

activity with 1a, achieving 100% conversion at 60 °C within 1 h. However, all the benzene rings in the 

products were saturated as a consequence of the high activity of Rh towards hydrogenation of 

benzene. 33% product was fully hydrogenated without C–O bond cleavage (compound 3). Not 

surprisingly, Ni NPs (Table 3, entry 2) displayed a very low activity (6 % conversion) despite a high 

selectivity towards hydrogenolysis. Under identical reaction conditions, NiOx/Rh NPs (entry 3, Figure 

S6) selectively catalyzed hydrogenolysis of 1a with a moderate activity, yielding 60% aromatic 

products (4 + 5) with negligible hydrogenation product (1% of 2). As mentioned in previous sections, 

a certain size of segment is required for the hydrogenation of benzene ring over heterogeneous 

catalysts. A previous report suggests that Rh NPs under 1.4 nm exhibited no activity in benzene ring 

hydrogenation.[96] The size of Rh and NiOx/Rh NPs (2.3 nm) is slightly larger than the critical size (1.4 

nm) required for benzene ring hydrogenation, which explains the good hydrogenation activity of 

benzene rings over pure Rh NPs. At the same time, our strategy of using NiOx for the surface partial 

blockage appears to be highly successful in further reducing the terrace size of the Rh domains 

below its critical size, so that these NPs become inactive in benzene ring hydrogenation.  

Further, the reaction was conducted at r.t. to obtain more information on kinetics (entry 4-7). 

Reaching a conversion of 64 %, the products over pure Rh NPs were almost fully hydrogenated after 

merely 2 h, revealing fast hydrogenation of benzene rings, which could not be avoided by reducing 
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the reaction temperature. Under the same conditions, 18% conversion was achieved over NiOx-

decorated Rh NPs, with only less than 1% of hydrogenated products. Because the Rh content in 

NiOx/Rh NPs was 50% as compared to that in monometallic Rh NPs, and that ca. 80% surface in 

NiOx/Rh NPs was blocked by Ni, NiOx/Rh NPs had approximately 10% of surface Rh sites as compared 

to same amount of Rh NPs. Therefore, although NiOx/Rh NPs produced less hydrogenolysis products 

than Rh NPs (18:42), the TOF for the hydrogenolysis reaction, with respect to every exposed Rh sites, 

was much higher (180:42). Although the effect of different sites (kinks/steps vs. terraces) in the 

hydrogenolysis of the C–O bond of the substrate we used for this study has not been reported, 

hydrogenolysis reaction is well known to be structure sensitive. For instance, several works[97-100] 

reported that the kink/step sites are more active for hydrogenolysis of C–C bond, while terraces 

favour the hydrogenation/dehydrogenation reactions. Since no electronic modification was 

observed, the enhanced TOF in hydrogenolysis is probably likely due to the blocking of terraces 

which favour the hydrogenation reaction. Prolonging the reaction time to 5 h over NiOx/Rh NPs 

increased the yield of hydrogenolysis products to 88%, with negligible increase in hydrogenated 

products. Notably, the reaction was conducted with a very long duration of 40 h, but 88 % of 

products remained un-hydrogenated. These results demonstrate very effective inhibition of the 

hydrogenation by site blockage effect over the entire reaction period. Finally, additional substrates, 

including 1b, bearing no methoxyl substitution (entry 8-10) and 1c with one more methoxyl 

substitution (entry 11-13), were tested over the three NP samples. Despite the generally higher 

yields with 1b and lower yields with 1c ascribed to their difference in steric hindrance, similar trends 

were observed: Rh NPs showed 100% conversion with all the benzene rings hydrogenated; Ni NPs 

showed high selectivity but very low activity; NiOx/Rh exhibited moderate conversion but always 

with excellent inhibition of the benzene ring hydrogenation due to NiOx blockage. 

4 Conclusion 
The selective hydrogenolysis of C–O bond without hydrogenating the benzene ring is crucial in lignin 

conversion. We proposed a novel catalyst designing strategy to overcome this challenge, in which an 

inert metal oxide is deposited on a metal NP surface to segregate its terrace zones, thereby 

preventing benzene ring coordination and hydrogenation. The strategy was exemplified by preparing 

NiOx/Rh NPs with a Rh core and a partial coverage of the surface by NiOx. The introduction of NiOx 

did not exhibit pronounced electronic interaction with Rh but significantly modified its geometric 

properties, inhibiting benzene ring hydrogenation without compromising the hydrogenolysis activity 

in aryl ethers. Our work thus evidences the potential of using partial site blockage to prepare highly 

effective catalysts for lignin conversion under dihydrogen treatment. Furthermore, this strategy 

might be applicable for a number of biomass related reactions, in which high demanding in catalyst 

selectivity and activity under mild reaction conditions are often required. 
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Figure Captions 

 

 

 

 
Figure 1. TEM images of (a) NiOx/Rh, (c) Rh, and (e) Ni NPs, and the corresponding size histograms 

(b), (d), and (f), respectively. (g)(h) HRTEM images of NiOx/Rh. 

  



18 
 

 

  

  
Figure 2. XPS spectra of (a) NiOx/Rh and (b) Ni NPs at Ni 2p region; (c) NiOx/Rh and (d) Rh NPs at Rh 

3d region. 
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Figure 3. (a) Ni and (b) Rh K-edge XANES spectra of NiOx/Rh, Ni, and Rh NPs. Fourier transformed (c) 

Ni and (d) Rh K-edge EXAFS spectra of NiOx/Rh, Ni and Rh NPs. The spectra of Ni foil, Rh foil, NiO, and 

Rh2O3 are included as references. 
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Figure 4. (a) Magnetization curve M–H of NiOx/Rh and Ni NPs measured at 2 K (Inset: enlargement of 

low field). ZFC-FC curves for (b) Ni and (c) NiOx/Rh NPs. 
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Scheme 1. Schematic procedure of the one pot seed-mediated synthesis of NiOx/Rh NPs. 

  



22 
 

Tables 

Table 1. Composition of purified NPs powders determined by ICP-OES. 

Entry Sample Rh (wt%) Ni (wt%) Rh/Ni (mol/mol) 

1 NiOx/Rh 7.71 4.40 0.99:1.00 
2 Rh 14.50 n.d. 1:0 
3 Ni n.d. 9.11 0:1 
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Table 2. Structure parameters by curve fitting of FT-EXAFS.
a 

   CNb R (Å) ΔE (eV) σ2 (Å2) 

Ni-K NiOx/Rh NPsd Ni-O 5.0 ± 0.3 2.047 ± 0.005 1.4 ± 0.9 0.0064 ± 0.0006 

Ni-(O)-Ni 3.7 ± 2.1 3.020 ± 0.044 3.0 ± 5.1 0.0191 ± 0.0059 

Ni NPsd Ni-O 3.4 ± 0.6 2.046 ± 0.015 0.1 ± 1.8 0.0090 ± 0.0022 

 Ni-Ni 3.4 ± 0.6 2.468 ± 0.010 -3.3 ± 2.3 0.0068 ± 0.0010 

 Ni-(O)-Ni 6.8 ± 1.2 2.957 ± 0.014 0.1 ± 1.8 0.0127 ± 0.0015 

Ni foild Ni-Ni 12c 2.483 ± 0.002 -0.7 ± 0.0 0.0061 ± 0.0002 

NiOd Ni-O 6c 2.087 ± 0.002 1.5 ± 0.8 0.0061 ± 0.0009 

Ni-(O)-Ni 12c 2.952 ± 0.002 - 0.0062 ± 0.0004 

Rh-K NiOx/Rh NPse Rh-O 2.4 ± 0.4 2.021 ± 0.011 -3.1 ± 2.8 0.0047 ± 0.0011 
Rh-Ni 0.6 ± 0.3 2.576 ± 0.026 0.5 ± 5.2 0.0034 ± 0.0019 
Rh-Rh 4.8 ± 0.9 2.655 ± 0.011 -5.0 ± 1.5 0.0080 ± 0.0011 

Rh NPse Rh-O 2.5 ± 0.6 2.019 ± 0.015 -2.1 ± 3.6 0.0048 ± 0.0016 
Rh-Rh 5.7 ± 0.6 2.677 ± 0.005 -5.0 ± 1.2 0.0075 ± 0.0006 

Rh foile Rh-Rh 12c 2.688 ± 0.002 -4.1 ± 0.5 0.0042 ± 0.0002 

Rh2O3
e Rh-O 6c 2.043 ± 0.015 1.0 ± 1.6 0.0030 ± 0.0007 

Rh-Rh1 1c 2.735 ± 0.020 - 0.0027 ± 0.0009 
Rh-Rh2 3c 3.010 ± 0.022 - 0.0033 ± 0.0005 

a
Amplitude reduction factor of Ni and Rh were estimated from Ni foil, NiO, Rh foil and Rh2O3 reference samples. 

b
CN, 

coordination number.
 c
Fixed when fitting. Curve-fitting analyses were performed in the range 1.2−3.0

d
 or 1.1−3.0

e
 Å in R 

space.  
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Table 3. Hydrogenolysis of 1-benzoxy-2-methoxy-benzene using NiOx/Rh, Rh, and Ni NPs as catalysts.
a 

 

Entry Substrate Catalyst Temp (°C) Time (h) Conv. (%) Yield (%) 

2 3 4 + 5 6 + 7 

1 1a Rh 60 1 100 0 33 0 67 
2 1a Ni 60 1 6 0 0 6 0 
3 1a NiOx/Rh 60 1 61 1 0 60 0 
4 1a Rh 25 2 64 1 21 0 42 
5 1a NiOx/Rh 25 2 18 0 0 17 1 
6 1a NiOx/Rh 25 5 91 1 0 88 2 
7 1a NiOx/Rh 25 40 100 0 0 88 12 
8 1b Rh 60 1 100 0 31 0 69 
9 1b Ni 60 1 10 0 0 10 0 
10 1b NiOx/Rh 60 1 66 0 0 65 1 
11 1c Rh 60 1 100 0 48 0 52 
12 1c Ni 60 1 3 0 0 3 0 
13 1c NiOx/Rh 60 1 50 0 0 50 0 
aReaction conditions: 0.1 mmol substrate, 10 mol% NPs, 3 ml H2O, 10 bar H2. 
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