
 1 / 16 

 

Ni/Co@NDC Modulates the Highly Selective Conversion of Vanillin in 

Flow Reactor under Mild Conditions 

Shanshan Lina,c, Jianguo Liu b*, Lungang Chen b, Xinghua Zhang b, Qi Zhangb, Longlong Mab 

a CAS Key Laboratory of Renewable Energy, Guangdong Provincial Key Laboratory of New and Renewable Energy 

Research and Development, Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, Guangzhou 

510640, P. R. China. 

b Key Laboratory of Energy Thermal Conversion and Control of Ministry of Education, School of Energy and 

Environment, Southeast University, Nanjing 210096, PR China. 

c University of Chinese Academy of Sciences, Beijing 100049, P. R. China. 

* Corresponding author: liujg@seu.edu.cn 

ABSTRACT 

Vanillin is currently the most abundant aromatic molecule produced from lignin on an 

industrial scale and one of the few renewable resources that can be readily catalyzed to 

obtain alkanes. The hydrogenation of vanillin as a lignin model has been a hot research 

topic in the catalytic community. Vanillin has the potential to be upgraded to value-

added compounds by catalytic hydrogenation, and its valuable hydrogenation products 

are usually vanillinol (VA) and 4-methylguaiacol (MMP). The difficulty of this reaction 

lies in the selectivity control of the hydrogenation products. Complete conversion of 

both products cannot be achieved with either noble or non-precious metal catalysts in 

the same catalytic system. For the hydrogenation of vanillin, the usual catalysts can 

achieve complete conversion of one product or partial conversion of both products. In 

our work, we developed a novel bimetallic catalyst encapsulated in nitrogen-rich carbon 

to achieve, for the first time, the selective and regulated conversion of two products, 

i.e., 96.06% vanillin and 99.99% MMP, in the same system. The use of nitrogen-doped 

carbon (NDC) as a carrier for Ni nanoparticles allows the charge transfer from Ni to the 

carrier, i.e., NDC, resulting in the oxidation potential is corrected. Combined with the 

more favorable deoxidation activity of Co, our catalysts are inexpensive, simple to 

prepare, stable in performance, easy to separate, high in activity, and have the advantage 

of being tunable to the target product. Due to the synergistic effect of Ni and Co 

bimetals, the vanillin hydrogenation reaction can be almost completely stopped at the 

step of VA generation and the catalytic activity of the active center can be adjusted by 

controlling the temperature in a continuous flow to achieve the conversion of the other 
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product MMP at 99.99%, which has never been reported before.  
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INTRODUCTION 

Catalytic transfer hydrogenation (CTH) is considered to be a promising technology for 

upgrading biomass into fuels and valuable chemicals in the presence of multiphase 

catalysts 1. Lignin accounts for 10 - 35 % by weight and up to 40 % of the energy in 

biomass feedstocks 2,As one of the lignocellulosic biomass fractions can be used 

directly in the production of alkanes 3, 4. Vanillin is currently the most abundant 

aromatic molecule produced on an industrial scale from lignin, and is one of the few 

renewable resources that can be easily catalyzed to obtain alkanes5. The hydrogenation 

of vanillin as a lignin model has been a hot topic of research in the catalysis 

community.6 Vanillin has the potential to be upgraded to value-added compounds by 

catalytic hydrogenation and its valuable hydrogenation products are typically vanillyl 

alcohol (VA) and 4-methyl guaiacol (MMP). During the subsequent processing of bio-

oils, thermally unstable compounds such as aldehydes, acids and sugars tend to cause 

catalyst coking and need to be converted to stable compounds (e.g. alcohols and 

diols).7.These alcohols are more conducive to the subsequent processing of bio-oils 

with increased hydrogen content 8.Vanillyl alcohol is also more costly and expensive to 

produce than vanillin and can be used directly as a flavouring 9.MMMP can be used as 

a fuel additive or food flavouring agent10,and is also widely used as an intermediate for 

flavours or drugs and fragrances11.The difficulty in this reaction is the selectivity 

control of the hydrogenation products. The catalysts typically used for the reduction of 

vanillin are divided into two main categories, noble metals and transition metals. The 

usual noble metal catalysts（Au12, Ru13, Pd14）due to their excellent catalytic reduction 

ability, will strip off O in one step during the reaction to produce 4-methyl guaiacol 

(MMP). The noble metal catalyst Pd has excellent hydrodeoxygenation ability for 

vanillin, e.g. Pd@CN N15 can produce more than 99% MMP under relatively mild 
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conditions, and up to 97% MMP selectivity when Al2O3 is used as a carrier. 16 A 

number of noble metals based on C materials (Pt,Pd,Au,Ru,Rh) were used to study the 

comparative hydrogenation activity towards vanillin.17At 100 °C and 3 MPa, Pd/C 

showed the highest catalytic activity, reaching 95% MMP selectivity at complete 

conversion. A selective conversion of 93.6% MMP could also be achieved when Pd was 

catalyzed in concert with the transition metal Cu.18 However, it is difficult to stay at the 

step of converting the carbonyl group to the hydroxyl group, i.e. the selective 

conversion of vanillyl alcohol cannot be achieved. The very few studies with noble 

metal Ir have only been able to produce up to 54 mol% VA at 25 °C and up to 24 mol% 

MMP at 50 °C. 19 In addition to the high cost of noble metals, researchers have been 

working to develop new catalysts such as transition metal catalysts with a higher 

probability of H2 adhesion and the ability of transition metals to activate hydrogen.The 

common transition metal catalysts face problems such as harsh reaction conditions, 

metal leaching and poor environmental tolerance of the carrier. 20 Transition metals 

such as Ni1,Cu21, 22,Co23, 24 are commonly used as catalytically active centres for HDO 

catalysts. Ni activity is low compared to noble metals and only 64.6% MMP selectivity 

can be achieved with NCB as a carrier and is accompanied by by-product formation 

25.However, neither catalyst can achieve complete conversion of each of the two 

products in the same catalytic system. For the hydrogenation of vanillin, the usual 

catalysts can achieve complete conversion of one product or achieve partial conversion 

of both products with modulation 26, 27.In our work, we have developed a novel 

bimetallic catalyst encapsulated in nitrogen-rich carbon to achieve, for the first time, 

the selective and regulated conversion of two products, 96.06% vanillyl alcohol and 

99.99% MMP, in the same system. Carbonaceous materials are known to be stable 

under harsh hydrothermal conditions (350-550 °C) 28.In addition, the electrochemical 

properties of carbon materials can be tuned by doping with the heteroatom N29 Thus, 

the use of nitrogen-doped carbon (NDC) as a carrier for Ni nanoparticles allows the 

transfer of charge from Ni to the carrier, i.e. NDC, resulting in a more positive oxidation 

potential for Ni. Plus Co is more conducive to deoxygenation activity 30,Our catalysts 
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are therefore inexpensive, simple to prepare, stable, easy to separate and highly active, 

and at the same time have the advantage of being tunable to the target product. Due to 

the synergistic effect of Ni and Co bimetals, the vanillin hydrogenation reaction can be 

almost completely stopped at the intermediate step (Fig. 1) to produce VA, and the 

catalytic activity of the active centre can be regulated by controlling the temperature 

only to achieve a complete conversion of the other product MMP which has never been 

reported before. 

 

Figure 1. A brief diagram of the stepwise hydrogenation of vanillin 

 Studies of vanillin hydrogenation in the mobile phase are even less common, as this 

requires a catalyst with excellent stability and long-lasting activity under tolerant 

environmental conditions. Based on our previous studies of similar carriers in 

continuous flow31,we decided to carry out a vanillin hydrogenation study in a 

continuous flow system. The development of non-homogeneous catalysts for 

continuous flow systems facilitates industrial-scale applications as the process of 

utilising biomass platform compounds requires that they can be operated at long cycle 

times and on a large scale. 32 In addition, the control of material and temperature, etc., 

guaranteed by the flow process allows for tunability of the reaction products 33, 34.The 

flow system can monitor and control the reaction process in real time, start or stop the 

reaction at any time, and can add raw materials during the reaction process and adjust 

the flow rate to control the reaction time, which is a flexible, controllable, convenient 

and efficient reaction system .35-37 The flow reactor can react the liquid material after 

gasification in contact with the loaded catalyst, and the reaction efficiency can be 

significantly improved. Moreover, because the system is fully mixed in multiple phases, 

local under-hydrogenation is avoided and by-product generation is reduced while 

improving efficiency.38, 39 However, this flow system is not without challenges; solid 
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blockages in small size channels and multiphase mixing may affect or even stop the 

desired reaction altogether. Therefore, the catalyst in this flow system must be as low 

as possible in terms of metal loss and ensure high recovery. Therefore, the preparation 

of new catalysts and the optimization of flow conditions have become indispensable 

challenges in the development of flow reactor hydrogenation. This work describes a 

simple and environmentally friendly method to prepare transition bimetallic catalysts 

Ni/Co@NDC for the selective conversion of vanillin. The catalyst uses transition 

metals as the active catalytic center, which greatly reduces the preparation cost, and the 

resulting catalyst is stable and reusable. The reaction was carried out under very mild 

conditions requiring only 3 bar hydrogen pressure and only a change in reaction 

temperature to selectively convert readily available lignin platform compounds to VA 

or MMP at a flow rate of 0.2 mL/min in a highly efficient flow reactor system, thus 

providing a viable pathway for the low-cost utilization of lignin platform compounds. 

To prevent small catalyst particles from clogging the flow reactor tube, we adsorbed 

the magnetic Ni/Co@NDC catalyst onto a magnetic stir bar to leave space for liquid 

flow. The selective conversion of vanillin was carried out continuously in the flow 

reactor under optimized conditions with ethanol as the solvent (the product was easily 

separated), and the conversion and selectivity were excellent. 

2.  EXPERIMENTAL SECTION 

2.1 Materials 

Ni(NO3)2•6 H2O (AR, 98%), (CH3 COO)2 Co (AR, 98%)anhydrous citric acid (AR, 

≥99.5%), Melamine (AR, 99%),Vanillin (AR, ≥99.0%), vanillyl alcohol (AR, ≥99.0%), 

2-Methyl-4-guaiacol (AR, ≥99.0%) was obtained from Shanghai Macklin Biochemical 

Co., Ltd.; H2SO4 (GR, 98%) was purchased from Sinopharm Chemical Reagent Co., 

Ltd.; Methanol (AR, ≥99.7%), dioxane (AR, ≥99.0%), acetonitrile (AR, ≥99.0%), 

ethanol (AR, 99.7%) were purchased from Aladdin (Shanghai) Chemical Technology 

Co., Ltd.; Deionized water (σ <5 µS/m) was self-made in the laboratory. Before using, 

the purity of Vanillin, vanillyl alcohol and 2-Methyl-4-guaiacol has been checked. 

2.2 Preparation of Ni/Co@NDC catalysts 
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Nickel(II) nitrate hexahydrate (Ni(NO3)2·6 H2O, 0.03 mol), Cobalt acetate ((CH3 

COO)2 Co, 0.01 mol), melamine (C3H6N6, 0.03 mol) and citric acid (C6H8O7, 0.03 

mol) were dissolved in 80 mL of anhydrous ethanol, and then the mixture was stirred 

at 70 ºC (300 rpm) Aging for 4-8 hours until a pink suspensions is obtained. Place it in 

a drying oven at 100 ºC for 24 to 72 hours to remove excess water. Then the pink solid 

obtained was calcined in a fixed bed at 600 ºC under 40 mL min-1 of high-purity N2 

(99.999%) atmosphere for 3 h to reduce the catalyst, and the heating rate was controlled 

at 2 ºC min-1. The resulting black solid was treated in a 1M H2SO4 aqueous solution at 

70 °C until the solution became colorless to remove unsafe and uncovered Ni ang Co 

particles. Then, the black solid was washed thoroughly with deionized water until the 

pH value of the waste liquid was 7. Finally, the black solid was dried in a freeze dryer 

at -48 ºC for 12 h to obtain the Ni/Co@NDC catalysts.  

2.3 Hydrogenation of acetophenone in a flow reactor 

The reaction was carried out in a flow reactor (Ou Shisheng (Beijing) Technology Co., 

Ltd.). First, the flow reactor reaction tube was filled with magnets that could adsorb 

100 mg of catalyst to make sure that the thickness of the catalyst on each magnet is 

about 1mm, and the reaction tube was maintained at a specific reaction temperature (the 

temperature is detected by the thermocouple in the reactor) and H2 pressure. Then, the 

vanillin reaction raw material with a concentration of 0.083 mol/L was passed through. 

The flow rate of N2 is 60 mL/min, and the flow rate of H2 hydrogen is 40 mL/min. The 

mixed liquid was pumped into the reaction tube made by 316L stainless steel with a 

length of 200mm and an inner diameter of 6mm at a flow rate of 0.4ml/min, and the 

reacted mixed liquid flowed through the gas-liquid separator at a constant flow rate and 

entered the product collection device for Gas Chromatograph measurement. The 

reaction product was identified by GC and the yield of the reaction product was 

determined by GC. 

3. RESULTS AND DISCUSSION 

3.1  Synthesis and characterizations of Ni/Co@NDC catalysts 

As shown in Figure 2a, the c-nanotube structure of the catalyst is clearly visible, with 

a small amount of graphene spherical shell encapsulated catalyst particles, while the 
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carbon nanotube structure is almost completely lost in the cycled catalyst (Fig. 2b), 

replaced by graphene spherical shell encapsulated metal The catalysts were replaced by 

metal nanoparticles encapsulated by graphene spherical shells, but still uniformly 

distributed. It is assumed that the change in catalyst activity is due to the change in 

catalyst structure. 

 

Figure 2. Representative SEM images of (a), Ni/Co@NDC (b), Ni/Co@NDC (recycled). 

Further high resolution (HR) TEM analysis showed that the nanospheres consisted of 

metallic nanoparticles (NPs) that were completely coated with a graphene shell (Fig. 

3a, 3b). The d-spacing of the Ni/Co@NDC metal nanoparticles is 0.20 nm, 

corresponding to the (111) plane of the nickel alloy (Fig. 3a). Statistical analysis by 

high resolution transmission electron microscopy (HR-TEM) showed that the graphene 

shells on the Ni/Co nanoparticles are very thin, with >90% of the C-shell consisting of 

a few layers. High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) images with subÅ resolution further confirm that homogeneous 

metal nanoparticles have been formed (Fig. 3c), and the corresponding energy 

dispersive X-ray (EDX) maps indicate that N and O atoms are uniformly distributed 

over all NPs (Fig. 3c-h). 

(a) (b) 
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Figure 3. Catalyst characterization. HRTEM images of Ni@C-700-EtOH (a, b). Inset in (a) shows the selected-area 

electron diffraction pattern. HAADF-TEM images of a single particle in Ni/Co@NDC (c) and corresponding EDS 

element mapping (EFTEM) of C, N, O, and HAADF-STEM analysis of Ni and Co (d-h). 

X-ray diffraction (XRD) was used to investigate the electronic and structural properties 

of Ni/Co@NDC. The XRD spectrum (Figure 4) shows a graphitic carbon shell C(002) 

between 20 and 30, which confirms the formation of a thin graphene shell. However, 

the characteristic peaks of Co metal were not found in the XRD spectrum, presumably 

creating an alloy structure with Co. The XRD peak position of the catalyst did not 

change after cycling, but the peak signal was slightly weakened, which may be related 

to the slight metal loss from the catalyst after cycling. These results show that the 

homogeneous Ni/Co nano-alloys are fully encapsulated in the thin graphene shells. It 

(a) (b) 

(c) (d) 

(f) (g) 

(e) 

(h) 

HAADF 

HAADF HAADF 
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can be seen that the metal is evenly distributed in the catalyst particles and that each 

catalyst particle is uniformly encapsulated by the C shell. 

 

Figure 4. XRD images of Ni/Co@NDC catalyst 

3.2 Conversion of vanillin using Ni/Co@NDC catalysts in the flow reactor 

The schematic diagram of the Ni/Co@NDC catalyst conversion of vanillin in a flow 

reactor is shown in Figure 5. 
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Figure 5. Schematic drawing of the pipeline structure of the flow reactor for Ni/Co@NDC catalyzed reduction 

of vanillin. 

We first tested the effect of the catalyst on the hydrogenation of vanillin in a methanol 

solvent (Table 1, Entry 1) in batch reactor and found that although the selectivity for 

VA was high, the reaction produced DMP by-products, presumably due to the 

involvement of methanol. We then reran the reaction in a methanol solvent at a reduced 

reaction temperature (Table 1, Entry 2) and chose two other solvents (Table 1, Entry 3, 

4) that did not contain active hydroxyl groups to test if the by-product formation could 

be reduced and the reaction would stay in the conversion to VA, but apparently the 

results were not as expected at low temperatures. We proceeded to restore the reaction 

temperature and chose ethanol, a solvent less polar than methanol but more soluble in 

hydrogen40 , and achieved a VA selectivity of 95.11 without any by-products (Table 1, 

Entry 5). We then transferred the reaction system to a continuous stream and used the 

excellent mass and heat transfer properties of the continuous stream for subsequent 

screening of the conditions. 

Table 1. The results of the temperature and solvent effect in THR of vanillin in batch reactor. 
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Entrya) Temp. [°C] Solv. Conv. [%] VA Sel. [%] MMP Sel. [%] 

1 100 MeOH  99.99  71.49  - 

2 50 MeOH  95.79  -  - 

3 50 1,4-

Dioxane 

 27.01  -  - 

4 50 ACN  -  -  - 

6 100 ACN 60.33  3.22  - 

5 100 EtOH 70.65 95.11 4.89 

a) Reaction conditions: vanillin, 0.5 mmol; solvent, 6 mL; 5 mg Ni/Co@NDC catalyst; reaction pressure, 1 MPa; 

reaction time, 4 h. 

As shown in Figure 6a, the conversion reached over 99.99% with increasing 

temperature. Interestingly, at a reaction temperature of 100 °C, the selectivity of VA 

reached 96.06%, while a further increase of 20 °C resulted in the conversion of all VL 

to MMP. In the pressure screening process (Fig. 6 b), we found that at a hydrogen 

pressure of 3 bar, VA could still achieve more than 99.99% MMP selectivity, which is 

a very mild reaction condition in our known previous studies. However, we found that 

the reaction required a certain reaction time. As shown in Figure 6 c, during the flow 

rate screening process, not only did the conversion decrease significantly with 

increasing flow rate, but also the selectivity of both VA and MMP decreased. The 

decrease in MMP selectivity with reaction time and the peak-shaped change in VA 

selectivity are due to the fact that during the hydrogenation of VL, VA is first 

hydrogenated to produce VA and then VA continues to be hydrogenated to produce 

MMP, so the shorter reaction time is more favourable to the production of VA. After a 

long screening run, the optimized conditions were used for a 15 h continuous 

experiment without catalyst replacement (Fig. 6 d). The experimental results show that 

the catalyst has a certain degree of deactivation. The ICP results show that the Co 

content of the original NOM@NDC catalyst is 44.38%, the Ni content is 20.36%, and 

the ratio between metals is 2.17. The Co content of the recycled catalyst is 35.48 %, the 

Ni content was 16.27%, and the metal ratio was 2.18. It indicated that the catalyst after 
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cycling had a slight loss of metal in the same proportion. Since the catalyst metal was 

not seriously lost, we suspected that the deactivation phenomenon was related to the 

change of the catalyst structure. 
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Figure 6. Study of reaction factors for the Ni/Co@NDC catalyzed reduction of vanillin to Vanilla alcohol in a 

flow reactor. Reaction conditions: (a) Reaction conditions: 1 g catalyst Ni/Co@NDC, 0.083 mol/L vanillin (solvent: 

EtOH), 1 MPa H2, different reaction temperature, 0.2 mL/min; (b) Reaction conditions: 1 g catalyst Ni/Co@NDC, 

0.1 mol/L vanillin (solvent: EtOH), different H2 pressure, 120 °C, 0.2 mL/min; (c) Reaction conditions: 1 g catalyst 

Ni/Co@NDC, 0.1 mol/L vanillin (solvent: EtOH), 1 MPa H2, 120°C, different flow rate; (d) Reaction conditions: 1 

g catalyst Ni/Co@NDC, 0.1 mol/L vanillin (solvent: EtOH), 1 MPa H2, 120 °C, 0.2 mL/min. Conversion and 

selectivity were determined by GC. 
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Figure 7. Proposed mechanism of Ni/Co@NDC catalyzed hydrogenation of vanillin to vanillyl alcohol or MMP. 

First, the substrate is adsorbed onto the catalyst active material and the C-O bond is 

activated and broken with the help of Ni/Co-H substances. Then it is hydrogenated to 

hydroxyl groups to produce vanillin (VA). VA can be hydrogenated in one step to 

produce MMP, or it can be reacted with ethanol to produce a DMP intermediate, which 

removes the CH3OH added in the previous step and is hydrogenated again to produce 

MMP. if the reaction conditions are too mild or the reaction time is not sufficient, the 

reaction will stay in the DMP step and produce by-products. 

CONCLUSION. 

In conclusion, we have developed a bimetallic catalyst loaded on NDC for the 

hydrogenation of vanillin in a continuous flow, achieving for the first time the selective 

and regulated conversion of both products (VA, MMP) in the same system. The catalyst 

is simple to prepare, low cost, high activity and stable performance. the interactions 

between the two metals Ni, Co can regulate the selective conversion of vanillin very 

precisely. By exploiting the excellent mass and heat transfer properties of continuous 

flow, the reaction conversion can reach 99.99%.  
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