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Highly efficient Ni-Co oxide nanoparticles on nitrogen-doped FDU-
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Ni-Co bimetallic oxide catalysts with various loadings and Ni/Co ratios supported on N-doped FDU-15 were prepared by a 

facile and controllable one-pot method and tested as heterogeneous catalysts for the oxidation of benzyl alcohol. The 

prepared materials were characterized by a series of characterization techniques such as XRD, TEM, SEM-EDX, FT-IR, XPS, 

N2 adsorption-desorption, Raman and ICP-AES. Catalytic results showed that 2 wt.% Ni-Co3/FDU-15-N possessed very high 

substrate conversion (93.4%) and excellent benzaldehyde selectivity (97.8%) when using air as the oxidant at 110 
o
C. This 

superior catalytic performance over bimetallic catalysts indicated a synergy effect between Ni and Co. The improved redox 

ability and dispersion of Ni-Co alloying sites also contributed to this enhancement. Additionally, N-doped Ni-Co3/FDU-15-N 

might strengthen the interaction between NiO, Co3O4 and the support and thus improve the dispersion of the metal 

oxides. 

Introduction 

The catalytic oxidation of benzyl alcohol is vitally important in 

modern chemical industry because the obtained benzaldehyde 

is an indispensable intermediate in the synthesis of fine 

chemicals and pharmaceuticals.
1,2

 Traditionally, homogeneous 

catalytic systems (e.g. chiral metalloporphyrins, and metal-

salen complexes) or hazardous stoichiometric oxidants (e.g. 

organic peracids, PHIO, or TBHP) have been employed to 

accomplish the benzyl alcohol oxidation reaction.
3,4

 These 

procedures have considerable drawbacks, such as difficulty in 

catalyst separation and regenerability, utilization of unsafe and 

expensive oxidants resulting in serious environmental 

pollution and industrial loss of interest. With the ever-

increasing economic and environmental concerns, the 

development of heterogeneous catalytic system that can 

operate with molecular oxygen in place of hazardous oxidants 

has drawn tremendous interest.
5-7

 

For conventional heterogeneous catalysis, bimetallic 

catalysts often showed tunable and synergistic effects 

compared to their monometallic counterparts.
8-10

 In particular, 

the synergistic catalysis of Au-based bimetallic nanocatalysts 

has received considerable interest along with the “gold 

rush”.
11-14

 For example, Hamill
13

 et al. found that the 

combination of gold with palladium has a synergistic effect, 

showing higher catalytic activity for NOx conversion than the 

corresponding mono-metallic materials. Among the non-noble 

metals, nickel and cobalt have been considered the best 

replacements for noble metals due to their large storage and 

low cost.
15-18

 Wang and co-workers
18

 reported amorphous Ni-

Co catalyst for the hydrazine oxidation. As stated in many 

previous papers, factors as the interaction of the Ni-based 

materials with other metals or the support strongly determine 

the catalytic performances of these catalysts.
19,20

 Gonzalez-

delaCruz’s group
19

 reported the catalyst of Ni-Co oxide 

supported on ZrO2 showed a better activity and stability than 

the nickel monometallic system in the dry reforming reaction 

of methane. Even though the cobalt monometallic system has 

no activity for the methane reforming reaction, the presence 

of adjacent nickel atoms seems to prevent the deposition of 

carbon over the cobalt sites, thus showing higher activity in 

the dry reforming reaction. This synergic effect accounts for 

the better performance of the bimetallic systems and points at 

both, as important factors responsible for the difference in 

catalytic activities and stabilities in alcohol oxidation 

reactions
21

 and other oxidation reduction reactions.
22

 

Mesoporous carbon material FDU-15 has received 

considerable attention owing to large surface area, tunable 

pore structure, uniform and adjustable pore size, chemically 

inert nature, mechanical stability, and good conductivity.
23-26

 

These outstanding features make it ideal candidate for 

applications in adsorption and separation,
23

 catalysis,
24

 

electrochemistry,
25

 and sensors
26

. However, FDU-15 has highly 

hydrophobic surface and a limited number of specific active 

sites, which impedes its practical application. Therefore, 

nitrogen is usually introduced into the carbon lattice to not 

only overcome these drawbacks, but also enhance mechanical 

and electrical properties of carbon materials.
27,28

 Furthermore, 

N-doped FDU-15 not only can maintain the large specific 
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surface area, but also can improve metal dispersion and 

strengthen metal-support interaction.
29

 

In the present work, we synthesize a novel recyclable 

heterogeneous catalyst Ni-Co3/FDU-15-N by a one-pot 

controllable method for the oxidation of benzyl alcohol. The 

influence of catalyst amount, molar ratios of oxidant to benzyl 

alcohol, reaction temperature and time on catalytic 

performance has also been investigated. 

Experimental 

Material 

Pluronic P123 (EO20PO70EO20) was purchased from Aldrich. 

Hexadecane, Co(NO3)2·6H2O, Ni(NO3)2·6H2O, benzyl alcohol, 

toluene, concentrated ammonia aqueous solution (28 wt.%), 

formaldehyde (37%), ethanol (99.5%), N,N-dimethylformamide 

(DMF, 99.9%), acetonitrile (99.8%), NH3·H2O (28 wt.%) were 

used for synthesis. All the organic solvents were of analytical 

grade. 

Synthetic procedures 

The two dimensional hexagonal mesoporous carbon, FDU-15, 

was synthesized according to the literature.
30

 As-synthesized 

FDU-15 was calcined at 800 
o
C for 3 h under nitrogen 

atmosphere. In a typical synthesis of Ni-Co3/FDU-15-N catalysts, 

0.125 g of FDU-15 was dispersed in 378 mL of ethanol by 

ultrasonic treatment. Co(NO3)2·6H2O (0.033 mmol) and 

Ni(NO3)2·6H2O (0.011 mmol) were completely dissolved into 

0.23 mL of the water, which was then added into the above 

FDU-15 system, followed by addition of 0.095 mL NH3·H2O (28 

wt.%) and 0.19 mL of water at room temperature. The reaction 

mixture was kept at 80 
o
C with stirring for 10 h. Then, the 

suspension was transferred into an autoclave, sealed and 

maintained at 150 
o
C for 3 h. Finally, the products were 

separated by centrifuging, washed with pure water, and then 

dried at 60 
o
C for 8 h. Three different Co/Ni molar ratio 

catalysts (Co/Ni = 1, 2, and 3) were synthesized, which was 

labeled as Ni-Co/FDU-15-N, Ni-Co2/FDU-15-N, and Ni-Co3/FDU-

15-N, respectively. 

For comparison, Co/FDU-15-N and Ni/FDU-15-N were also 

prepared by the similar method. Ni-Co3/FDU-15 was prepared 

by using sodium hydroxide to replace ammonium hydroxide in 

the synthetic route. 

Characterization 

Small angle powder XRD patterns were collected with a Riguku 

D/MAX2550 diffractometer with Cu-Kα radiation at 50 kV and 

200 mA. The diffractions were recorded in the 2θ range of 0.6-

5
o
 and in steps of 1

o
/min. The morphologies of the 

nanocomposites were obtained using a JEOL JEM-2010 

transmission electron microscope (TEM). The infrared spectra 

of the materials were conducted on a Nicolet 6700 instrument 

in the range of 400-4000 cm
-1

 using KBr pellet technique. The 

N2 adsorption-desorption isotherms were recorded at -196 
o
C 

on an adsorption analyzer (Micro-meritics ASAP 2010). Prior to 

this measurement, each sample was degassed at 120 
o
C for 5 

h. The specific surface area was determined using the 

Brunauer-Emmett-Teller (BET) equation and pore size 

distribution was calculated using Barrett-Joyner-Halenda (BJH) 

algorithm. X-ray photoelectron spectroscopy (XPS) was 

measured on Scienta ESCA200 spectrometer using Al-Kα 

radiation. Raman spectra were recorded on a Renishaw Raman 

system model 1000 spectrometer with an excitation 

wavelength of 514 nm. The metal content of the catalysts was 

measured by inductively coupled plasma atomic emission 

analysis (ICP-AES, Perkin-Elmer Optima 3300 DV). 

Results and discussion 

Structural integrity studies 

Fig. 1a shows the small-angle XRD pattern of the FDU-15, in 

which the strong (100) diffraction peak at 0.6-1.5
o
 of 2θ can be 

observed, illustrating that the FDU-15 has a mesostructure.
31,32

 

After loading Ni-Co NPs onto the FDU-15, no significant 

spectral feature changes were observed, indicating that the 

ordered mesoporous structure remained unchanged after the 

incorporation of Ni-Co nanoparticles.
33

 Furthermore, the 

intensity of the peaks (Fig. 1b) has decreased to a certain 

extent, while the full width at half-maximum of the peaks that 

is normalized by height has increased. In addition, no clear 

peaks assignable to Ni, Co species were observed in the XRD 

pattern (Figure. 2e). 

The internal morphology of the support and the bimetallic 

catalysts were studied by TEM (Fig. 3). As shown in Fig. 3a, the 

pristine FDU-15 shows highly ordered stripe-like, which is in 

agreement with the result of low-angle XRD.
31,34

 Compared 

with the catalyst Ni-Co3/FDU-15 without nitrogen doped 

treatment (Fig.3c), the small Ni-Co NPs (dark spots) of the Ni-

Co3/FDU-15-N catalyst are better dispersed (Fig. 3b)
 29

. SEM 

analysis revealed that Co and Ni nanoparticles were formed on 

FDU-15 (Fig. 4), and in the corresponding elemental maps (C, O, 

N, Co, and Ni) obtained by energy dispersive X-ray EDX analysis 

(Fig. 4), Co and Ni atoms were found to be uniformly dispersed 

on the FDU-15. Combining with the above TEM results, it can 

be inferred that the NiO and Co3O4 should be mainly presented 

as mixed oxide, while some heterostructure between NiO and 

Co3O4 cannot be excluded. 

 

Fig. 1. Small-angle XRD patterns of (a) FDU-15, (b) Co/FDU-15-N, (c) Ni/FDU-15-N (d) Ni-

Co3/FDU-15 and (e) Ni-Co3/FDU-15-N. 
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Fig.2. Wide-angle XRD patterns of (a) FDU-15, and (b) Co/FDU-15-N, (c) Ni/FDU-

15-N (d) Ni-Co3/FDU-15 and (e) Ni-Co3/FDU-15-N.  

   

 

Fig. 3. TEM images of (a) FDU-15, (b) Ni-Co3/FDU-15-N, (c) Ni-Co3/FDU-15. 

The nitrogen adsorption-desorption isotherms of FDU-15 and 

Ni-Co3/FDU-15-N are shown in Fig. 5. The adsorption and 

desorption branches of FDU-15 are not close at low relative 

pressure, suggesting a typical sorption behavior of polymer 

materials.
30,35

 The first stage at P/P0 < 0.4 is due to a 

monolayer adsorption of nitrogen molecules on the walls of 

the mesopores. The second stage, at 0.4< P/P0 < 0.8, is 

characterized by a steep increase in adsorption due to capillary 

condensation inside the mesopores. The third stage is a tail 

portion at P/P0 > 0.8, associated with multilayer adsorption on 

the external surface of the materials. In comparison to the 

parent FDU-15, Ni-Co3/FDU-15-N exhibits a decreased uptake 

of nitrogen, owing to the immobilization of Ni-Co NPs. Table 1 

summarizes the nitrogen sorption results. The Brunauer- 

  

  

  

Fig. 4. SEM image of Ni-Co3/FDU-15-N and corresponding EDX maps of C, O, N, Co, and 

Ni, respectively. 

Emmett-Teller (BET) surface area of FDU-15 is 907 m
2
·g

-1
 with 

pore volume of 0.45 cm
3
·g

-1
 in agreement with those reported 

data. Ni-Co3/FDU-15-N shows less nitrogen uptake (BET surface 

area of 756 m
2
·g

-1
 and pore volume of 0.35 cm

3
·g

-1
).  

Spectroscopic characterization 

The FT-IR spectra of FDU-15 and Ni-Co3/FDU-15-N are shown in 

Fig. 6. For FDU-15, the peaks at 1727 and 1741 cm
-1

 can be 

assigned to the C=O stretching vibrations due to auto-

oxidation process of the methylene bridges, while the peak at 

3334 cm
-1

 can be assigned to the phenolic -OH stretching 

vibrations. For Ni-Co3/FDU-15-N, the less resolved additional 

band centered at 673 cm
-1

 is attributed to the stretching 

vibrations of Co=O bond. The stretching vibrations of Ni=O 

bands are at approximately 404, 464 and 501 cm
-1

.
36,37

 

Raman spectra of FDU-15, Co/FDU-15-N and Ni-Co3/FDU-15-N 

are shown in Fig.7. The peak at 1580 cm
-1

 (G band) is 

attributed to the vibration of sp
2
-bonded carbon atoms in a 

two-dimensional hexagonal lattice, namely the stretching 

modes of C=C bonds typical of graphite, while the peak at 1350 

cm
-1

 (D band) is associated with vibrations of carbon atoms 

with dangling bonds of plane terminations of disordered 

graphite and related to the defects and disorders in structures 

in carbon materials.
38

 The relative intensities of these two 

bands depend on the type of graphitic material and reflect the 

graphitization degree. The calculated I(D)/I(G) relative 

intensity ratios of FDU-15, Co/FDU-15 and Ni-Co3/FDU-15-N are 

2.2, 2.5, and 2.8, respectively. Compared with the I(D)/I(G) of 
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FDU-15, the I(D)/I(G) of the supported catalysts increase, 

which indicates that the size of the in-plane sp
2
 domains 

decreases and the NiCo-based nanoparticles onto FDU-15 

cause some defects or deoxygenation. In addition, the blue 

shift of G-band and D-band in Fig. 7b and 7c reveals that the 

bond energy between the NiCo-based nanoparticles and FDU-

15 increases. 

 

Fig. 5. N2 adsorption-desorption isotherms of (a) FDU-15 and (b) Ni-Co3/FDU-15-N. 

Table 1 Textural properties of samples. 

Sample SBET (m
2
 g

-1
) VBJH (cm

3
 g

-1
) 

FDU-15 907 0.45 

Ni-Co3/FDU-15-N 756 0.35 

 

Fig. 6. FT-IR spectra of (a) FDU-15, (b) Co/FDU-15-N, (c) Ni/FDU-15-N (d) Ni-Co3/FDU-15 

and (e) Ni-Co3/FDU-15-N. 

 

 

 

 

Fig. 7. Raman spectra of (a) FDU-15, (b) Co/FDU-15-N, and (c) Ni-Co3/FDU-15-N 

XPS studies 

To determine the electronic state and the composition of the 

Ni-Co3/FDU-15-N composites, the XPS measurements were 

carried out (Fig. 8). As shown in the XPS survey scan spectrum 

(Fig. 8a), Ni-Co3/FDU-15-N was primarily composed of Ni 2p, Co 

2p, C 1s, O 1s and N 1s peaks, signifying the presence of Ni, Co, 

C, O and N elements in the sample. Fig. 8b and c show the 

high-resolution XPS spectra of Co 2p and Ni 2p of the Ni-

Co3/FDU-15-N. Two spectral curves commonly exhibited the 

spin-orbit splitting into 2p1/2 and 2p3/2 with shake-up satellites 

(indicated by ‘Sat’). For the high-resolution spectra of Co 2p, 

the binding energy values of 780.9 and 796.4 eV were 

observed for the Co 2p1/2 and Co 2p3/2 regions, which 

correspond to the Co
2+

 valence state of cobalt hydroxide as 

shown in Fig. 8b. Meanwhile, in the Ni 2p curve of Fig. 8c, the 

binding energy values of 873.5 and 855.7 eV correspond to the 

Ni 2p1/2 and Ni 2p3/2 with spin-orbit characteristics of Ni
2+

 in 

nickel hydroxide. Compared with the reported Ni and Co 

binding energy values
 39,40

, these values in Ni-Co3/FDU-15-N are 

slightly shifted towards lower values, which could indicate the 

synergistic effect of Co-Ni. In addition, the high-resolution N 1s 

spectrum of Ni-Co3/FDU-15-N (Fig. 8d) reveals the presence of 

pyrrolic (400.2 eV) N atoms.
41
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Fig. 8. XPS survey spectrum of Ni-Co3/FDU-15-N (a), and detailed spectrum of Co2p (b), 

Ni2p (c), and N1s (d).  

Catalytic properties 

The catalytic performance of Ni-Co3/FDU-15-N was carried out 

in the benzyl alcohol oxidation with air as oxidant. In order to 

get the optimal reaction conditions, different parameters such 

as molar ratio of metal, solvent, reaction time, and 

temperature were investigated. 

From the results of different Ni/Co molar ratios in Table 2, it 

can be seen that the conversion of benzyl alcohol remarkably 

improves from 60.6% to 93.4% after 7 h by decreasing the 

Ni/Co molar ratio from 1:1 to 1:3. It is also found that the 

benzaldehyde selectivity also increases by lessening the Ni/Co 

molar ration. The co-doping of Ni-Co can significantly improve 

the surface coverage of the redox species, as well as adjust the 

benzyl alcohol adsorption.
42

 We have also performed the 

oxidation of benzyl alcohol in different solvents, such as DMF, 

acetonitrile, water, ethanol and toluene. Toluene is a non-

polar solvent, while acetonitrile, water ethanol and DMF are 

polar solvents. From Table 2, toluene, water ethanol and 

acetonitrile are not the desired solvents, in which just 1.2% ~ 

67.5% conversion are obtained after 7 h reaction. However, 

when DMF is used as the solvent for the reaction, the 

conversation of benzyl alcohol could reach as high as 93.4% 

after 7 h. The influence of the reaction temperature on the 

catalytic reaction is also investigated as listed in Table 2. The 

conversion decreased to 86.1% with the decrease in the 

temperature to 100 
o
C. In the meantime, the conversion 

slightly increases when the reaction temperature rises to 120 
o
C, while the selectivity to benzaldehyde obviously decreases. 

Considering the above information, the optimal reaction 

temperature should be 110 
o
C. 

Compared with a series of heterogeneous catalyst 

conducted by previous reports (Table 3), it is obvious that Ni- 

Co3/FDU-15-N possesses the highest conversation, 

benzaldehyde selectivity and turnover frequency. Most 

importantly, it should be noted that the combination of other 

congeneric metals has not so good catalytic performance 

(Table 3, entries 7-11). For example, only 39.5% conversion of 

benzyl alcohol and 89.2% selectivity to benzaldehyde can be 

obtained over Co2MgAl-LDH. In addition, the excellent catalytic 

performance of Ni-Co3/FDU-15-N can attribute to the N-doped 

mesoporous structures to avoid pore blockage and facilitate 

reactants diffusion into the pores (Table 3, entries 1-4). 

Moreover, the conversion of benzyl alcohol achieves a 

superior value at 7 h and the average TOF value reaches 19.5 

h
-1

. This result also means that the synergistic effect between 

Ni-Co NPs and N-doped FDU-15 support is superior to the 

others. 

The stability and reusability of Ni-Co3/FDU-15-N are of great 

importance in terms of practical application and green 

chemistry. After each reaction, the catalyst was collected using 

a filtration, washed thoroughly, dried under vacuum and 

reused for the subsequent cycles. In a series of 4 consecutive 

runs, Ni-Co3/FDU-15-N exhibits basically stable catalytic activity 

and selectivity (i.e. conversion: 93.4-91.8%, selectivity: 97.8-

96.5%) (Fig. 9). In order to further evaluate the stability of Ni-

Co3/FDU-15-N during the catalytic process, the leaching test 

was carried out and the results are shown in Fig. 10. The 

aerobic reaction was suspended after 2 hours. Subsequently, 

the catalyst was underwent filtration separation under hot 

conditions, and the resulting clear solution was stirred for 

another 5h at 110 
o
C. Nevertheless, no obvious improvement 

in benzyl alcohol conversion can be observed after the Ni-

Co3/FDU-15-N catalyst was removed. After completion of the 

reaction, the solution was subjected to inductively coupled 

plasma analysis techniques; almost no detectable nickel, 

cobalt metal ions in the filtrate solution. These results indicate 

that the Co3/FDU-15-N catalyst is rather stable in the catalytic 

process because almost no metal leaching happens.  

 

Fig. 9. Reuse of the Ni-Co3/FDU-15-N catalyst. 

 

Fig. 10. Leaching experiments of Ni-Co3/FDU-15-N for aerobic oxidation of benzyl 

alcohol. 
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Table 2 Benzyl alcohol oxidation under various reaction conditions 
a
 

Entry Catalyst Solvent Time (h) 

Temperature 

(
o
C) Conversion (%) 

Product selectivity (%) 

Benzaldehyde Others 

1 Ni-Co3/FDU-15-N DMF 7 110 93.4 97.8 2.2 

2 Ni-Co2/FDU-15-N DMF 7 110 75.7 83.4 16.6 

3 Ni-Co/FDU-15-N DMF 7 110 60.6 79.5 10.2 

4 Ni-Co3/FDU-15-N DMF 7 120 95.7 93.6 5.4 

5 Ni-Co3/FDU-15-N DMF 7 100 86.1 95.3 4.7 

6 Ni-Co3/FDU-15-N CH3CN 7 110 16.7 >99 - 

7 Ni-Co3/FDU-15-N Water 7 110 1.2 >99 - 

8 Ni-Co3/FDU-15-N Toluene 7 110 12.7 >99 - 

9 Ni-Co3/FDU-15-N Ethanol 7 110 67.5 99.3 0.7 

10 Ni-Co3/FDU-15-N DMF 6 110 87.7 94.4 7.6 

11 Ni-Co3/FDU-15-N DMF 5 110 82.5 93.1 6.9 

12 Ni-Co3/FDU-15-N DMF 8 110 94.5 89.6 8.2 

a
 Reaction condition: catalyst 50 mg, benzyl alcohol 1 mmol, DMF 10 ml, flow of air 80 ml/min.  

Page 6 of 9RSC Advances



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

Table 3 Comparison of various heterogeneous catalysts for aerobic oxidation of benzyl alcohol 

Entry Catalyst Solvent Oxidant Time (h) 

Conversion 

(%) TOF (h
-1

) 

Product selectivity (%) 

Reference Benzaldehyde Others 

1 Ni-Co3/FDU-15-N DMF Air 7 93.4 19.5 97.8 2.2 Herein 

2 Ni-Co3/FDU-15 DMF Air 7 76.4 16.9 97.2 2.8 Herein 

3 Ni/FDU-15-N DMF Air 7 67.3 14.8 98.5 1.5 Herein 

4 Co/FDU-15-N DMF Air 7 87.9 17.7 89.1 10.9 Herein 

5 No catalyst DMF Air 7 2 - >99 - Herein 

6 FDU-15 DMF Air 7 6.5 - >99 - Herein 

7 NiAl-hydrotalcite - Air 9 47 - 98.5 1.5 42 

8 Co-Ni ferrite CH3CN TBHP 6 18.9 10.7 90.1 9.9 43 

9 Co2MgAl-LDH CH3CN TBHP 12 39.5 9.6 89.2 10.8 44 

10 Cu-CrHT DMF - 24 26 - 43 57 45 

11 Co3O4/CMK-3 DMF Air 6 82.1 12.5 97.7 2.3 35 

 

Conclusions 

Novel heterogeneous catalysts have been synthesized by 

covalently anchored transition bimetal (Ni, Co) oxide 

nanoparticles onto nitrogen-doped FDU-15. The 

characterization results demonstrated that transition metal 

oxides have been successfully incorporated onto nitrogen-

doped FDU-15, while the pore structure of FDU-15 remained 

intact after multiple synthetic procedures. Compared with 

single NiO or Co3O4 NPs grafted onto N-doped FDU-15, Ni-Co 

co-doped Ni-Co3/FDU-15-N exhibited better catalytic 

performance in the selective oxidation of benzyl alcohol with 

93.4% conversion and 97.8% benzaldehyde selectivity. The 

excellent catalytic behaviour should be ascribed to the 

synergistic effect between NiO and Co3O4 NPs, large specific 

surface area and mesoporous structure of FDU-15 support, 

and N-dopant in the FDU-15 to improve the metal oxides 

dispersion and strengthen the interaction between metal 

oxides and the support. In addition, the heterogeneous Ni-

Co3/FDU-15-N was stable in the benzyl alcohol oxidation 

reaction, which can be reused four times without significant 

loss in the catalytic activity. 
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Transition bimetal (Ni, Co) oxide nanoparticles immobilized onto 

nitrogen-doped FDU-15 are high active and show excellent selectivity to the 

benzaldehyde for the oxidation of benzyl alcohol. 
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