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Highlights 

 

• Sustainable and cost-efficient feedstocks to avoid multi-step processes and the 

need for traditionally mined metal.  

• One-step in-situ biosynthesis of environmentally safe and air stable Ni catalyst 

(phytocat) using microwaves. 

• Phytocat utilizes strategies beyond waste-to-energy to harness the circular 

chemical potential of metal contaminated biomass.  

• Biologically bound Ni in the plant matrix directs the catalytic hydrogenation 

of cinnamaldehyde selectively and efficiently.  



 

 

Abstract 

 

With mounting concerns over critical element sustainability in future bio-refineries, 

the conversion of phyto-extracted nickel (from contaminated lands) into an 

inexpensive and clean catalyst could help to reduce demand for virgin precious 

metals.  Utilizing this green approach, noble metal catalysts, which require substantial 

downstream processing, could potentially be replaced by a naturally developed non-

noble metal catalyst.  We report a biologically bound non-noble metal catalyst (Ni-

phytocat, 0.1-2.5 wt% Ni) prepared using simple, one-step, energy efficient, 

microwave-assisted pyrolysis (250℃, 200W, <10 min). The biologically bound Ni in 

the plant matrix directs the catalytic hydrogenation of cinnamaldehyde selectively and 

efficiently (up to 97% conversion and 96% selectivity at T≤120℃), Our findings 

indicate that the presence of bio-carbon matrix around the phyto-extracted Ni enables 

an efficient suppression of the over-hydrogenation reaction pathway and prevents 

further dissociation of adsorbed hydrocinnamaldehyde molecules. The simplicity, 

long-term stability and ease of handling make this catalyst an economically and 

environmentally attractive alternative to Raney nickel and precious metal–based 

catalysts. 
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1. Introduction 

 

Globally, mining influences 5000 Mha
 
of land surface, with 7% overlapping with key 

biodiversity areas and 8 % with protected areas.[1] Most mining regions (~81%) 

target metals such as copper, nickel, and lithium needed for renewable energy 

production.[1] Identified land-based resources contain at least 0.3 billion tons of 

nickel (Ni), with about 60% in laterites and 40% in sulfide deposits.[2] Because of its 

widespread usage and tendency to accumulate, Ni contamination has reached above 

its ecological threshold, accounting for approximately 5 % (8.75 Mha) of E.U. 

agricultural land area.[3] The metal contamination in agricultural soils is an 

obstruction to achieving global food safety and security and will worsen as climate 

change reduces crop yields. Phyto-remediation is a promising nature-based solution 

for treating the contamination; however, several issues must be addressed before it 

can be broadly implemented.[4],[5] Firstly, plant selection is a critical step; although 

hyper-accumulators are able to extract large amounts from the contaminated land (up 

to 1000 mg/kg dry tissue), they might not be suitable for soils contaminated with 

multiple contaminants.[4,5] In these cases, fast-growing and high-biomass yielding 

plants including willow (Salix viminalis) or poplar trees can be used to extract a wide 

range of metals from soil.[6] Secondly, the harvested biomass is typically incinerated, 

leaving behind a metal-concentrated bottom ash usually disposed of in landfills. 

However, harvested biomass can be used as a feedstock for production of bio-energy 

or bio-materials.[7]],[8],[9][8–10] 

Over the past few years, the development of catalytically active materials derived 

from biomass has attracted huge attention, owing to their unique qualities of 

widespread availability, natural abundance and renewability, and relatively low-cost. 

[8,9,11–13] To date, several synthetic procedures have been reported for fabricating 

bio-catalysts including wet impregnation, ion-exchange, co-precipitation, reduction, 

high-temperature pyrolysis, atomic layer deposition and so on. 

[8],[11],[14],[15] However, these protocols focus on artificial incorporation of noble 

and non-noble metallic species onto bio-derived carbon 

materials.[11],[12],[13],[14],[15],[16] There is now interest in developing biocatalysts 

from plants that have taken up nickel through natural, biological processes. This 



process allows both the recapturing of a limited, natural resource, remediation of land, 

and once the catalyst is used-up, the metal can be reused, presenting a sustainable, 

circularity. In this context, we envisioned the development of our phytocat materials, 

prepared using a simple, one-step protocol using plant biomass rich in nickel 

accumulated by the plant during growth on nickel contaminated wastelands. There 

has been progress in development of efficient non-noble metal catalysts derived from 

various biomass feedstocks for green and sustainable selective hydrogenation 

transformations. [8],[14],[15] Non-noble metals, such as nickel (Ni) offer appealing 

attributes that address the disadvantages of precious metals, including platinum (Pt), 

palladium (Pd) and ruthenium (Ru) i.e. high cost, low abundance, and 

toxicity.[17],[18] At an industrial level, hydrogenations are usually performed with 

these noble metals or base metal catalysts, such as Raney nickel.[19],[20] Despite the 

high activity and low cost of Raney nickel, this catalyst is often sensitive and non-

selective due to large metal surface area, making it pyrophoric and leading to 

difficulties in handling.[20],[21] As a consequence, there is an industrial and 

academic need for the development of an inexpensive, safe and stable alternative to 

Raney nickel which should be easy to handle as well as more selective towards 

functional molecules. Consequently, in recent years, significant efforts have been 

made to develop alternative Ni-based hydrogenation catalysts. [14],[16],[22],[23] 

 

Cinnamaldehyde (CAL) represents a typical model compound of the coniferyl 

aldehydes derived from lignin.[24]
 
It can be produced by electron abstraction of the 

phenoxy radicals followed by disruption of the C𝛼-C𝛽 bond through retro-aldol 

cleavage of lignin.[24] Lignin-derived chemicals can serve as platform molecules for 

the production of a wide range of value-added chemicals, with implementation 

motivating the transformation towards a sustainable chemical industry. 

Chemoselective hydrogenation of C=C and, or C=O in b,h-unsaturated aldehydes is 

an indispensable approach in fine chemical manufacturing. Cinnamaldehyde is an 

industrially important molecule, because its partial hydrogenation products, i.e. 

cinnamyl alcohol (COL) and hydrocinnamaldehyde (HCAL) are key intermediates for 

the synthesis of high-value products, including perfumes, flavorings and 

pharmaceuticals.[25–28] The production of saturated aldehydes from unsaturated 

ones has also industrial and biological applications. For example, 

hydrocinnamaldehyde derived from cinnamaldehyde hydrogenation can be used in the 



synthesis of an intermediate reagent of anti-viral pharmaceuticals, particularly HIV 

protease inhibitors.[29] At present, the major pathway of HCAL synthesis is the 

toluene chlorination-hydrolysis method.[26] Another method for the synthesis of 

HCAL and its derivatives (11–67% yield) is through a five-step process from the 

Knoevenagel condensation of aldehydes with Meldrum’s acid.[30] Moreover, Frost et 

al. reported the hydrosilylation of Meldrum’s acid by a multi-step process, using 

palladium or molybdenum catalysts.[31,32] Instead of these complex multi-step 

processes, selective hydrogenation of CAL to a HCAL reaction does not produce any 

corrosive byproduct or toxic waste.[14,15,25,26] Most of the accomplished work on 

the partial reduction of cinnamaldehyde reported either poor selectivity (<13%) or 

poor conversion (<63%).[33–35] Moreover, there remain challenges associated with 

the overall sustainability of the transformation i.e. relatively high cost or complex 

synthetic protocol for catalyst preparation or high reaction temperatures (T>150℃). 

[33–35]  Herein, we report an air-stable, inexpensive and highly selective, 

biologically bound Ni catalyst (phytocat) that can be used for hydrogenation 

transformations. One of the major obstacles that hinders progress in this important 

area of catalysis is the difficulty of catalyst preparation.[26] The simple, one-step, 

low- temperature, microwave biosynthesis of the novel catalyst presented here make 

it an attractive alternative to current hydrogenation catalysts, which are typically 

fabricated via multi-step synthesis. Our Ni-based biocatalyst represents a hybrid 

platform consisting of naturally occurring, inorganic components with lignocellulose 

providing an exciting opportunity to advance green chemistry applications.
 
The 

biologically bound Ni in the plant matrix directs the catalytic hydrogenation of 

cinnamaldehyde, thereby avoiding multi-step processes and the need for traditionally 

mined metal.  



2. Experimental 

 

2.1 Materials and chemicals  

 

Two varieties of biomass were used in our experiments, the Ni hyper-accumulator 

(Alyssum murale, collected from field on nickel-rich soils) and hydroponically-grown 

willow plant species for the preparation of phyto-catalyst (2.5 wt% and 0.1 wt% Ni 

respectively) and Ni free controls (<0.01 wt% Ni). Metal accumulation was 

determined in leaves and stems using an inductively coupled plasma optical emission 

spectrometer (ICP-OES, Agilent 700 series) (Table S1). All other chemicals were 

purchased from Sigma-Aldrich and were used as received unless otherwise stated.  

 

2.2 Catalyst preparation  

The catalyst was prepared using the method described previously.[36] Briefly, 

microwave assisted pyrolysis on air-dried, ground leaf tissues from the plant species 

was performed on a CEM Discover, equipped with 10 ml quartz vial under N2 at 250 

°C and 200 W to produce bio-char with different Ni-loadings (termed as phytocat). 

The feedstock was converted into vapors, which were passed through a condenser and 

collected as liquid oil. The mass yield of bio-char and bio-oil produced were 

measured and the gas yield calculated as the mass balance of the original sample. The 

total conversion was evaluated based on the sum total of liquid and gas yields. After 

the successful extraction of bio-oil and bio-gas, the bio-char containing naturally 

bound nickel with different metallic loadings was used as catalyst.  

2.3 Catalyst characterization  

 

High-angle annular dark-field -scanning transmission electron microscope (HAADF-

AC-STEM) images were acquired using a 200 keV JEOL 2200FS scanning 

transmission electron microscope with a field emission gun. Transmission electron 

microscopy (TEM, JEOL 2010) was used under the accelerating voltage of 200 kV. 

Microstructural and chemical information of phytocat was obtained by using a field-

emission scanning electron microscope (FE-SEM) equipped with an energy-

dispersive X-ray (EDX) spectrometer (JSM-7800F PRIME, JEOL Ltd.). Elemental 



composition and valence near the surface were measured using XPS (AXIS Ultra 

DLD, Kratos. Inc.). XRD was performed at operating voltage of 40 kV, current, 40 

mA, scan speed of 0.1 sec/step and the scan scope from 10 Θ to 90 Θ using a Bruker 

AXS D8 Advance. Further, Ni particle size was estimated using the Scherrer equation 

using the peak centered at 2θ= 44.5°. N2 adsorption–desorption analysis was 

performed at 77 K using a TriStar (Micromeritics Instrument Corp.; Norcross, GA, 

USA), equipped with automated surface area and pore size analyser. Before analysis, 

samples were degassed at 180 °C for 4 h (Fig.S5). The detailed procedures are 

described in SI.  

 

2.4 General procedure for hydrogenation 

 

The liquid-phase CAL hydrogenation was tested in a stainless steel multipoint (6 

×10mL pots) reactor (manufactured at chemistry workshops, University of York). For 

a typical test, cinnamaldehyde (1mmol), anisole (internal standard, 0.5mmol), 10-

50 mg of catalyst (0.01-0.08 mmol Ni) and iso-propanol (solvent, 5mL) were loaded 

into the reactor. The reaction was conducted with stirring (250 rpm) at 60-120 °C. 

The reaction was stopped after a proper time (1-24h) and the products were analyzed 

using a GC (GC-2014, Shimadzu) equipped with a flame ionization detector (FID) 

and GC–MS (JEOL AccuTOF-GCx plus, Agilent 7890B GC). After completion of 

the reaction, the solvent was removed under reduced pressure at 45 °C. The products 

were analyzed by 
1
H-NMR and 

13
C-NMR spectroscopy in CDCl3 (Fig.S8-11) and FT-

IR analysis (Fig.S7). The used catalysts were easily recovered, washed using iso-

propanol and dried for 24h. The recyclability tests were performed using the 

recovered catalysts to test their stability. The detailed procedures are described in SI. 

 

 

  (1) 

                            (2) 

moles of CAL before reaction moles of CAL after reaction
CAL conversion (%) = 100%

moles of CAL before reaction

−
×

moles of product
Product selectivity (%) = 100%

moles of CAL consumed
×



3. Results and discussion 

 

3.1. Formation and structural characterization of naturally entrapped nickel in the 

phytocat  

 

Salix vimnalis (willow) and the Ni hyper-accumulating plant Alyssum murale were 

used in this study. The Salix species contain a genetically diverse range of 

phenotypes, include broad variation in the ability to withstand Ni tolerance, and rate 

of Ni uptake. This variation offers the opportunity to use breeding to improve the 

desired Ni tolerance and uptake traits. Using willow has the advantages that it is a 

high biomass crop that grows vigorously in a broad range of environmental conditions 

and geographical locations, and is farmed using existing agricultural infrastructure.[6] 

The amount of Ni present within the biomass of each plant is determined by the 

biology of that species (including the gene-encoded metal transporters and associated 

detoxification enzymes). [4–6] Six-week old, hydroponically-grown S. vimnalis rods 

were dosed with 100 mg kg
-1

 Ni for two weeks, the tissues air-dried and ground.  

Alyssum murale was grown in Ni-rich soil. The nickel catalysts were prepared using 

the ground plant materials in one- step, low temperature, microwave-assisted 

pyrolysis (200W, 250 °C) to produce S. viminalis bio-char (0.1 wt% Ni, termed Ni-

phytocat-0.1), and A. murale bio-char (2.5 wt% Ni, termed Ni-phytocat-2.5).[36] The 

control catalyst was prepared using S. viminalis bio-char that had not been dosed with 

Ni (<0.01 wt% Ni, termed as control phytocat). Phytocat as a good microwave 

absorber, aids in transferring the microwave energy leading to the in-situ synthesis of 

catalytically active Ni
0
 from phyto-accumulated Ni

2+
 (Fig.1a).[37]  

 



 

 

Figure 1: (a) Formation of naturally entrapped nickel catalyst (phytocat) using low 

temperature microwave assisted pyrolysis of nickel contaminated plant biomass, (b) 

Aeroflo system (General Hydroponics) used to grow willow rods (Salix viminalis, 6 

weeks duration) for preparation of phytocat-0.1 and control phytocat, Scanning 

electron microscopy (SEM) images equipped with energy-dispersive X-ray 

spectroscopy (EDX) (c-d) phytocat-2.5, (e-f) phytocat-0.1 and (g-h) control phytocat, 

(i) nickel dosed willow rods (100 mg kg
−1

, 2 weeks duration) for preparation of 

phytocat-0.1.  

 



Field emission scanning electron microscopy (FESEM) images of phytocat materials 

exhibit irregular spherical morphologies and high dispersion of Ni species on the 

surface of Ni-phytocat-2.5 (Fig. 1c-d) and relatively moderate dispersion on Ni-

phytocat-0.1 (Fig. 1e-f). But the presence of Ni wasn’t detected on the surface of 

irregular clusters of control phytocat (Fig. 1g-h). Energy-dispersive x-ray (EDX) 

spectroscopy analysis of the nickel phytocat reveals the presence of small amounts of 

oxygen, which is evident of nickel oxide formation on the particle surface due to 

storage in air. As can be seen from Fig. 2a-b, nickel nanoparticles embedded in a bio-

carbon matrix of phytocat contained traces of calcium, silicon and oxygen.  

Following the microstructural features, high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) images demonstrate the 

morphology of the catalysts. In the field of view of HAADF-STEM images, intensity 

is relative to the square of atomic number of the element.[38] Therefore, the 

atomically dispersed Ni particles can be clearly distinguished as the brighter spots on 

bio-carbon. As shown in Fig. 2c, the formed Ni nanoparticles are uniformly 

distributed and exhibit an average particle size of 5.2 ± 1.1 nanometers. Most of the 

observed nano-particles were within a range of 4.5 to 7.3 nm; however, a few 

particles up to 11 nm were observed. STEM analysis of phytocat material revealed 

metallic Ni nanoparticles with thin oxidic shells.  

After use, the recycled catalysts have a more compact structure, with Ni nano-

particles embedded in amorphous bio-carbon (Fig.S1a, c). The brighter contrast in the 

HAADF STEM image (Fig. S1a) shows very little rearrangement of Ni on the 

surface. These Ni NPs contained within the bio-carbon matrix of phytocat possess 

good thermal stability because of the constraint of the carbon support, which limits its 

aggregation and leads to excellent catalytic activity.[38] 

        The selected-area electron diffraction (SAED) patterns of Ni phytocat, shown in 

Fig. 2d-e, reveals the polycrystalline nature and different crystal faces of naturally 

entrapped Ni on bio-carbon. The diffraction rings are allocated to (111), (200), and 

(220) planes and in good agreement with XRD results (Figure 3e-f).  

Intrigued by these characteristics, we performed high-resolution transmission electron 

microscopy (HR-TEM) measurement to observe the lattice fringes corresponding to 

the naturally entrapped nickel in the phytocat materials. The high-resolution TEM 

(HRTEM) image (Fig. 2g-h) reveals some irregular fringes, mainly with a planar 



spacing of 0.242 nm and 0.216 nm point to (111) and (200) crystal planes, 

respectively, of cubic Ni phase.[39] 

 

 

 

Figure 2: (a) Energy-dispersive x-ray (EDX) spectroscopy analysis of Ni-phytocat-2.5 

highlighting carbon (green), nickel (blue), oxygen (red) and calcium (orange), (b) 

Elemental mapping of Ni-phytocat-2.5 highlighting carbon, nickel, silicon, calcium, 

potassium and oxygen, (c, f) high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) image of Ni-phytocat-2.5 and Ni-phytocat-0.1 

respectively, (d-e) selected-area electron diffraction (SAED) patterns of Ni phytocat-

2.5 before and after catalytic hydrogenation of cinnamaldehyde, (g-h) high-resolution 

TEM (HRTEM) image of Ni-phytocat-2.5 and Ni-phytocat-0.1 respectively.  

 



The elemental composition and chemical states of naturally bound nickel in the bio-

carbon matrix were analyzed by X-ray photoelectron spectroscopy (XPS) analysis.  

Various plant based ligands like histidine, nicotianamine and various organic acids 

form complexes with Ni
2+

 ions, enabling its uptake by plants.[37] Our one-step, low 

temperature microwave assisted pyrolysis approach leads to in-situ formation of Ni
0
.  

This chemical valence state of the naturally entrapped Ni was determined using the 

corresponding binding energies (eV) of Ni 2p3/2 peaks, as shown in Fig. 3a. 

Generally, catalysts with low nickel metallic loadings are dominated by Ni
2+

 along 

with some sequestered Ni
0
 sites.[40] The differences in metallic nickel leads to 

changes in the surface chemistry and consequently the catalytic activity. [40] 

However, an oxide layer formed around supported Ni particles can suppress coke 

formation while preserving high catalytic activity.[40] The peak around 852 eV is 

assigned to Ni
0
 and peaks between 855 and 861 eV are assigned to Ni

+2
 in the form of 

Ni(OH)2 and NiO.
2
  The surface of the phytocat consisted of both Ni

0
 and Ni

2+
. 

However, with increasing nickel content, there is an increase in intensity of Ni
0
 peak 

with a simultaneous decrease in intensity of Ni
+2

 peak. After use, the recycled catalyst 

was analyzed and found to have a slight decrease in the intensity of the Ni
0
 peak. 

Taking into consideration that these valence states only belong to the outer layers of 

the phytocat, these results suggest the formation of a unique structure where a pure 

nickel core is surrounded by a shell of NiO and Ni(OH)2.  

Deconvoluted high-resolution N 1s XPS spectra of phytocat display peaks located at 

399.1, 399.7, 400.7, and 402.3 eV (Fig 3b) attributed to pyridinic N, pyrrolic N, 

graphitic N, and oxidized N, respectively.
 
[41] The shift in the position of the pyrrolic 

N peak to a higher value for the higher Ni loadings, could be due to charge transfer 

between Ni and pyrrolic N species.[41] 

Deconvoluted high-resolution C 1s XPS spectra of phytocat show characteristics 

peaks for C–C (284.6 eV), C–N (285.4 eV), C–O (286.3 eV), C=O (287.2 eV), and 

O–C=O (288.9 eV) bonds. [41]
 
The prominent peaks at 284.3–284.5 eV reveal that 

the most carbons in the phytocat are aromatic. The presence of these functional 

groups on the surface of phytocat facilitates its binding with nickel nano-particles 

(Fig. 3c). The peaks corresponding to π–π
*
 transition (290.4 eV) were found to 

intensify for the recycled phytocat.  

 

 



The O 1s spectra of phytocat catalysts (Fig. 3d) all comprised three peaks, among 

which are peaks at 530–531 eV corresponding to the lattice oxygen involved in the 

metal framework oxide (Ni–O) while the peaks at 531.7–532.9 eV are assigned to 

oxygen atoms bonded to carbon atoms (C=O bond), and the peaks at higher binding 

energy of 533.2–534.6 eV are attributed to the chemisorbed oxygen species from C–O 

in carbonates (CO3
2−

). [41] The peaks corresponding to the carbonates became more 

prominent in the recycled catalysts.  

 

To understand the crystal structure and phase purity of the phytocat material, X-ray 

diffraction (XRD) was used. Initial x-ray powder diffraction (XRD) analysis revealed 

metallic nickel particles along with a carbon rich phase. As shown in Figure 3e, the 

diffraction peaks at 44.6°, 52.2°, and 77.3° belong to metallic Ni ([111], [200] and 

[220] diffraction peaks of Ni
0
).[42] Both the phytocat materials exhibits a broad 

graphitic (002) peak at about 25°, which belongs to the hexagonal conjugated carbon 

structure. This confirms that the structure of the phytocat is relatively stable compared 

to Raney Ni and the majority of entrapped NiO is reduced to Ni metal by the 

surrounding bio-carbon matrix during the microwave-assisted pyrolysis. Similarly, 

after use, the characteristic peaks of bio-carbon (2θ = 24.5°) and Ni metal (2θ = 44.5°, 

51.9° and 76.9°) are observed for all the phytocat materials, in which the intensity of 

[111], [200] and [220] diffraction peaks due to Ni
0
 is gradually increased with 

increasing Ni content (Fig.3f).[43] The average size of the Ni nanoparticles using the 

Scherrer method for the (111) peak was calculated to be 6.5 ± 1.1 nm which is 

comparable with the results from the TEM analysis. After reuse, the catalyst was 

recovered and analysed, and the average particle size was found to be 7.2 ± 1.9 nm 

using TEM analysis and 7.9 ± 2.1 nm using the Scherrer method.  

 

 

 

 

 

 

 

 



 

Figure 3: X-ray photoelectron spectroscopy (XPS) analysis of phytocat materials  

(a) deconvoluted high-resolution Ni 2p3/2 spectra (b) deconvoluted high-resolution N 

1s XPS spectra, (c) deconvoluted high-resolution C 1s spectra, (d) deconvoluted high-

resolution O 1s spectra, (e) X-ray diffraction (XRD) pattern of Ni-phytocat-2.5 and  

-0.1, (f) XRD pattern of recycled Ni-phytocat-2.5 and -0.1. 

 

 

The Brunauer-Emmett-Teller (BET) surface area of Ni-phytocat-2.5 and Ni-phytocat 

0.1 was found to be 34.2 m
2
/g and 21.7 m

2
/g respectively and contain micro-pores and 

meso-pores (fig. S9).[43] Thermogravimetric analysis (TGA) experiments were 

conducted to understand the thermal degradation profiles of the raw plant biomass of 

S. viminalis  and A. murale and also for the prepared phytocat using these materials. 



As shown in Supplementary Fig. 4, the raw biomass exhibits an initial weight loss 

around 370 oC.  The TGA plots of Ni-phytocat-2.5, Ni-phytocat-0.1 and control 

phytocat, prepared using low-temperature microwave activation, indicate a slight 

weight loss of about 6.1%, 7.2% and 7.5% at low temperature (T≤150
 o

C), which 

may be assigned to the removal of the adsorbed water or residual solvents from the 

surface. This reveals the remarkable thermal stability of phytocat even at high 

temperatures (T≤700
 o

C). There are numerous advantages of using microwave-

heating, which promotes high dispersion of Ni species, easy reduction of surface Ni 

species, and formation of uniformly nano-sized Ni particles.[44] Our clean strategy of 

using simple, one step, low-temperature microwave assisted pyrolysis resulted in the 

formation of an air stable nickel phytocat, which would be tested further for 

hydrogenation of a model renewable platform molecule (cinnamaldehyde). 

 

 

 

  



3.2 Tuning reaction conditions to explore the potential of bio-derived Ni catalyst for 

hydrogenation of a model renewable platform molecule  

 

After establishing the structural features of Ni-phytocat, their catalytic performance 

was evaluated. Selective hydrogenation of a CAL entails reduction of different 

functional groups, that is, a carbonyl group (C=O) or a carbon–carbon double bond 

(C═C) to give the corresponding products cinnamyl alcohol (COL) or 

hydrocinnamaldehyde (HCAL) (Fig. 4a). Based on thermodynamic and kinetic 

theory, hydrogenation of the C=C bond is more favorable due to lower bond energy 

of the C=C group (615 kJ/mol).[27,45]. 
 
It is vital to improve the selectivity to a 

certain group (C=O or C=C bond) and to avoid the hydrogenation of another one. 

Selectivity can be correlated with a metal d-bandwidth, and a smaller radial expansion 

of the d orbitals, leading to higher selectivity to HCAL. [18,[35] Thus, some metals 

with a relatively large d-bandwidth (i.e. Ru, Ir and Pt) can be used as catalysts to 

synthesize COL, while the ones with small d-bandwidth (like Ni) favored HCAL. 

[18],[35] The nature of adsorption and desorption of reactants (CAL) is governed by 

the changes in catalyst compositions, electronic structure, chemical state, and 

morphology of metal and supports, thereby determining the selectivity and yield of 

different products i.e. COL, HCAL or hydrocinnamyl alcohol (HCOL).[22,46]
 
One of 

the main approaches to catalyst design to enhance catalytic performance is to tune the 

metal–metal oxide interactions in the catalyst, which could lead to charge transfer 

between the metal and support. [22,46] 

To showcase the activity and selectivity of Ni-phytocat, its activity was compared 

with Raney Ni.  The hydrogenation of CAL afforded HCAL from C=C hydrogenation 

and HCOL from complete hydrogenation (C=C and C=O reduction). The control 

phytocat (pristine bio-carbon, <0.01 wt% Ni) was also tested. Phytocat-2.5 exhibited 

a high activity (up to 97% CAL conversion and 96% HCAL selectivity) as compared 

with phytocat-0.1 (up to 89% CAL conversion and 87% HCAL selectivity). In 

comparison to phytocat-2.5 and 0.1, negligible activity was observed using the control 

phytocat, while Raney Ni exhibited excellent activity (up to 99.9% CAL conversion) 

but lower selectivity (up to 82% HCAL selectivity).  Because C=C hydrogenation is 

thermodynamically favored, Ni-based catalysts prefer C=C hydrogenation and HCAL 

generation. [27,35] Although Raney Ni is non-selective towards the desired product, 

it works well under mild reaction conditions (40 bar H2, 60 °C).  In order to optimize 



the conversion of CAL and the selectivity to HCAL, some factors influencing the 

reaction such as reaction temperature, reaction time and concentration of catalysts 

were explored. 

 

3.2.1 Influence of reaction temperature on catalytic hydrogenation of cinnamaldehyde  

 

The influence of reaction temperature on the hydrogenation of CAL to HCAL was 

investigated in the range of 60–120 °C (Fig 4b). Increasing the hydrogenation 

temperature favored the conversion of CAL, which increased from 22% (60 °C) to 

89% (120 °C), 43% (60 °C) to 97% (120 °C) and 94 (60 °C) to 99.9% (120 °C) for 

phytocat-0.1, phytocat-2.5 and Raney Ni respectively. As the temperature continued 

to increase, the selectivity to HCAL increased to 84 %, 97 % and 97.5%, respectively 

at 120 °C. Thus, 120°C was chosen as the optimum reaction temperature. As listed in 

supplementary table 2, when Ni-based catalysts were applied, a higher reaction 

temperature and H2 pressure were required, as compared to that when noble metal 

catalysts were used, due to the relatively low activity of Ni. [15],[34] It is essential 

that the activity of Ni-based catalysts is further improved through novel structure 

design. Many researchers have used synthetic catalysts such as Ni supported on 

reduced graphene oxide (RGO) or Ni supported on activated carbon at high 

temperatures (T>150 °C) and achieved up to 91% CAL conversion with upto 82% 

HCAL. [34],[47] 

 

3.2.2 Influence of concentration of catalysts on selective hydrogenation of 

cinnamaldehyde  

 

Several reports revealed that preparation methods affected the Ni crystal size and the 

nature of metal–support interactions and, thereby, influenced the activity of the 

catalysts. [46],[38],[40] After studying the structural characteristics of the phytocat 

materials, it is clear that the phytocat-2.5 has highly dispersed catalytically active Ni
0 

sites. Due to the presence of highly dispersed and uniformly nano-sized Ni particles, 

phytocat-2.5 showed superior catalytic performance. With increasing catalyst 

concentration, there was an increase in CAL conversion, leading to creation of the 

target product (97% and 89% HCAL) using phytocat-2.5 and 0.1 respectively 

(Fig.4c). Although Raney Ni is non-selective towards the HCAL, it worked well even 



at lower concentrations (0.01 mmol) and showed a stable reaction profile throughout 

(Fig.4c and Fig.S6a).  

 

3.2.3 Influence of reaction time on catalytic hydrogenation of cinnamaldehyde  

 

Figure 4d shows the variability of the conversion and selectivity with changing 

reaction time (1-24h) at constant reaction temperature of 120 °C. The conversion 

grew sharply by 45% to 84%, 77% to 97% and 94% to 99.9% with phytocat-0.1, 

phytocat-2.5 and Raney Ni respectively, when the reaction time was extended from 1 

h to 24 h. With the change of reaction time, the selectivity remained stable at about 

95% and reached the maximum of 96.5% at 2 h (Fig.S6b). This alludes to the 

difficulty of C O bond reduction.[48] As the reaction time is prolonged to above 6 h, 

the selectivity to HCAL is slightly decreased to 93.9%. As shown in supplementary 

table 2, the NiAl-LDH/G (Ni–Al layered double hydroxide/graphene) and Ni-

Cu@RGO (RGO: reduced graphene oxide) catalysts showed high activity and high 

selectivity to HCAL as well. [34],[49] Despite the high activity of Ni-Cu@RGO, its 

fabrication was done using a synthetic route and the catalytic performance was tested 

at high temperature (T>150 °C).[34]
 

 

3.2.4 Catalyst stability 

 

Reusability is an important catalyst performance indicator and was therefore 

investigated here (Figure 4h-j). We performed the reusability tests using phytocat-0.1 

and phytocat-2.5 to illustrate their stability and performance for four cycles. The 

catalyst was recovered, washed with isopropanol three times and dried overnight. The 

catalyst was then weighed and transferred in a stainless steel multipoint (6 ×10mL 

pots) reactor (manufactured at chemistry workshops, University of York). Following 

the same procedures, the reaction was carried out at 120 °C and pressurized to 40 bar 

H2. The sampling was done after 24 h of reaction, and the catalyst was recycled four 

times. Notably, after the third cycle, the conversion of CAL remained at 96% with  

94% chemoselectivity (fig. 4h-j), as demonstrated by Fourier transform infrared 

spectroscopy (FT-IR) analysis of the products formed after catalytic hydrogenation of 

cinnamaldehyde using pristine and recycled phytocat-0.1 and phytocat-2.5 (fig. S11-

S12). For the first to the third catalytic cycles we achieved conversions of  >94%; a 



decrease in conversion was observed in the fourth catalytic run due to the mass lost 

during recycling and possibly due to deactivation of the catalyst (fig. 4h). The 

structural integrity of the catalyst remained intact after as many as four catalytic 

cycles. The high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) image of the recycled catalyst shows structural features that are the 

same as the pristine catalyst (fig. S1). The shape and the sizes of the NPs are 

comparable to the pristine catalysts (6.1±1.1 nm). These Ni NPs contained within the 

bio-carbon matrix of phytocat possess good thermal stability because of the 

constraints of the carbon support, which limit its aggregation and leads to excellent 

catalytic activity. The well-maintained catalytic performance after four-consecutive 

runs demonstrates a high stability and reusability of Ni-phytocat. This can be 

attributed to the superior structural stability of Ni-phytocat as evidenced by the almost 

unchanged structure, morphology, crystal phase and chemical forms of the reused Ni-

phytocat (Fig. 3; Fig. S1). 

 

To further illustrate the role of the bio-carbon matrix around the phyto-extracted Ni, 

which enables an efficient suppression of the over-hydrogenation reaction pathway 

and prevents further dissociation of adsorbed hydrocinnamaldehyde molecules, we 

performed catalytic hydrogenation tests on furfural and levoglucosenone (LGO) (Fig. 

S20-21). Based on the results, we found that the control phytocat (pristine bio-carbon 

matrix) was ineffective in all the hydrogenation tests even after long reaction times 

(24h) and high temperature (120℃). In contrast, our Ni-phytocat was successful in 

converting LGO into dihydrolevoglucosenone (Cyrene
TM

, up to 81% conversion), 

while it was unable to convert furfural into furfuryl alcohol. While with Raney Ni, we 

observed the formation of levoglucosanol (Lgol) instead of Cyrene
TM

.  These findings 

clearly demonstrate that the presence of the bio-carbon matrix around our Ni-phytocat 

enables an efficient suppression of the over-hydrogenation reaction pathway, making 

it highly selective towards the formation of saturated aldehydes over alcohols. Our 

Ni-phytocat selectively prefers the hydrogenation of C=C bonds over C=O bonds, 

resulting in the formation of the corresponding saturated aldehyde rather than the 

unsaturated alcohol.  

 

 



 

Figure 4: (a) Mechanistic pathway of hydrogenation of cinnamaldehyde,  (b) 

influence of reaction temperature on the catalytic conversion of cinnamaldehyde, (c) 

influence of catalyst concentration on the catalytic conversion of cinnamaldehyde, (d) 

influence of reaction time on the catalytic conversion of cinnamaldehyde, (e) 

influence of reaction temperature on the product selectivity using phytocat-0.1, (f) 

influence of reaction temperature on the product selectivity using phytocat-2.5, (g) 

influence of reaction temperature on the product selectivity using Raney Ni, (h) 

Reusability of  Ni-phytocat for catalytic conversion of cinnamaldehyde, (i) 

Reusability of  Ni-phytocat-0.1 for selectivity towards HCAL, (j) Reusability of  Ni-

phytocat-2.5 for selectivity towards HCAL. 

Reaction conditions: 1 mmol substrate, 10-50 mg catalyst (0.01-0.04 mmol Ni), 1-24 

h, 5 mL isopropanol, 40 bar H2, 60-120 °C   

 



4. Conclusions 

 

A biologically bound non-noble metal catalyst (low metallic loadings: 0.1-2.5 wt% 

Ni) was prepared using a simple, one-step, energy efficient, low temperature, 

microwave-assisted pyrolysis (250℃, 200W, <10 min). The Ni-based biocatalyst 

(phytocat) represents a hybrid platform consisting of naturally occurring, inorganic 

components with lignocellulose providing an exciting opportunity to advance green 

chemistry applications.
 
Most importantly, the biologically bound Ni in the plant 

matrix directs the catalytic hydrogenation of cinnamaldehyde (up to 97% conversion 

at T≤ 120℃), thereby removing the need for traditionally mined metal. Most of the 

reported work on the partial reduction of cinnamaldehyde (CAL) shows either poor 

selectivity (<13%) or poor conversion (<63%). [20,47] Moreover, there remain 

challenges associated with the overall sustainability of the transformation i.e. 

relatively high cost or complex synthetic protocol for fabrication of catalyst or high 

reaction temperatures (T>150℃). [34],[47] HCAL and its derivatives have established 

themselves as industrially and biologically valuable in the synthesis of natural 

products, anti-viral pharmaceuticals, fragrances and chemosensors.[29],[28,50],[51] 

Our findings indicate that the presence of bio-carbon matrix around the naturally 

entrapped Ni enables an efficient suppression of the over-hydrogenation reaction 

pathway and carbonaceous accumulation on the surface.  That is, the natural 

encapsulation of nickel on bio-carbon not only inhibits the unselective hydrogenation 

pathway but also regulates the electronic structure of Ni. Therefore, it suppresses the 

further dissociation of adsorbed hydrocinnamaldehyde (HCAL) molecules, leading to 

its high selectivity (up to 96%) at low temperatures (T≤ 120℃) . The overall 

sustainability and stability of Ni-phytocat is significantly higher in comparison with 

traditional synthetic catalysts.  
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