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Abstract: 

In this study, rare earth (RE) metal doped ZrO2 was prepared by surfactant-assisted 

co-precipitation/hydrothermal crystallization method and used to load Co as catalyst 

for the hydrogenation of aromatic carbonyl compounds in water. Furfural was 

hydrogenated to furfural alcohol in water with up to 95 mol% yield over 

Co/ZrLa0.2Ox at 40 °C, 2 MPa H2 in 10 h. The doping of rare earth metal oxide has 

three advantages: I) promotes the ZrO2 to reach a small-sized, stable and high-activity 

tetragonal phase zirconia and thus lead to a high specific surface area for metal 

loading; II) interacts with Co to reach an ultra-small average particle size of 1.1 nm; 

III) modifies the ZrO2 surface to increase the amount of acidic sites for the adsorption 

of carbonyl feedstock. Adsorption experiment indicated a tight interaction between 

not only the carrier and C=O bond, but also the Co clusters and C=O bond, which 

were benefit for the hydrogenation of carbonyl groups. The surfactant addition during 

the carrier preparation improves the strong metal-support interactions (SMSI) to 

promote Co dispersion and stability. Various rare earth metals including La, Pr,Nd, 

and Ce could modify ZrO2 with similar mechanism. The as-prepared Co catalyst 

could also catalyze the selective hydrogenation of various aromatic aldehydes and 

ketones (such as 5-hydroxymethyl furfural, benzaldehyde and acetophenone) in water, 

and 100% yield to corresponding alcohols was achieved. The catalyst kept stable and 

showed little deactivation during the recycling tests. This study not only presented a 

high-efficient, low-cost, and stable catalyst for the selective hydrogenation of various 

aromatic aldehydes and ketones, but also give rise to an understanding of rare earth 

metal oxides doped ZrO2 supported nano Co ternary catalysts. 

KEYWORDS: cobalt nanocluster, rare earth metal, doping, SMSI, biomass, 

hydrogenation 
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1. Introduction 

  As the chemical economy gradually shifts from fossil fuels to renewable resources, 

it becomes important to develop new technologies to upgrade renewable platform 

molecules to final industrial products.1,2 Comparing with traditional petrochemical 

supplies, platform molecules from lignocellulose biomass have more unsaturated 

functional groups. A representative structure is carbonyl group conjugated with 

aromatic rings, such as furfural and 5-hydroxylfurfural. Natural aromatic nucleus with 

hydroxyl groups are important structures used for the synthesis of pharmaceuticals, 

spices and resin.3,4 Therefore, it requires the selective hydrogenation of carbonyl 

group without the destruction of aromaticity. Many catalytic systems have been 

studied, and the main problem is the poor selectivity, which is caused by the easy 

saturation of aromatic structure and the hydrogenolysis of C-O bond at high 

temperature.5-7 Thus, the selective hydrogenation of conjugated carbonyl group 

under mild conditions is still a challenge. Precious metal catalyst with high 

hydrogenation activity at lower temperature is a good choice. Pt/Al2O3
8 and 

Ru/UiO-669 could fulfill the selective hydrogenation of furfural to fufuryl alcohol 

at 50 °C. Howerer, the high cost and finite reserves of precious metals limited their 

extensive application. Therefore, the development of none precious metal catalysts 

made of earth-abundant elements is meaningful. 

Many non-precious metal catalysts have been synthesized and exhibited good 

hydrogenation activity in a series of aromatic aldehydes and ketones, such as 

Cu-Co/SBA-1510, NiMoB/γ-Al2O3
11, and Ni-Fe-B12. However, the poor H2 

activation ability made them require high reaction temperature and/or high H2 

pressure to achieve a comparable activity with precious metal catalysts. To enhance 

the specific activity of supported metal catalyst, one of the most effective method is 

increasing the dispersion of the active metal to enlarge the specific surface area.13,14 

The newly hot single-atom catalysts15 is a good choice but currently hard to realize. 

The modification of carrier16 and new preparation technology for metal loading 

process17-20 are two effective methods for the specific activity increase of supported 

metal catalysts.  
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According to the previous reports, Co particles dispersed well on TiO2 by strong 

metal-support interactions (SMSI), but tended to sinter on SiO2.
21 Meanwhile, the 

SMSI could inhibit the aggregation of the catalyst.22 Thus, building SMSI has been 

seen as a promising approach to prepare highly dispersed non-precious catalysts. 

ZrO2 also exhibited the effect of SMSI23,24 and gained attentions for its potential use 

as a matrix in the material synthesis and the carrier in the catalysis.25 Moreover, 

doping other metals such as La26-29, Ce30, Ti31,32, W33, and Fe34 could affect the 

structure or electron property of ZrO2 by forming the defect in the crystal. 

Especially for rare earth metal oxides, their cationic oxidation states, the degree of 

coordinative unsaturation, and the degree of surface hydroxylation all contribute to 

the catalyst modifications.27,35,36 The highly dispersed particles could also be 

stabilized by rare earth metal oxides.37 Therefore, modification of ZrO2 by rare 

earth oxides (ZrREnOx) may disperse non-precious metal into small paticles with a 

high activity for selective hydrogenation of aromatic aldehydes and ketones. 

Cobalt is a versatile catalyst for various reactions,38 including hydrogenation of 

C=C,39 C≡N40 and C=O41 bonds. Homogeneous Co catalyst has been reported for 

selective hydrogenation of C=O in the presence of C=C.42 Co could be a good 

candidate for selective hydrogenation of aromatic aldehydes and ketones. 

Considering that water is cheaper, more available and environment-friendly, 

moreover, some biomass derived molecules including furfural and 5-HMF are 

obtained by hydrolysis method, water should be the suitable solvent for their 

conversion to avoid restrict and costly water removing pretreatment. Therefore, in 

this work, a highly dispersed Co/ZrREnOx catalyst was prepared to convert aromatic 

aldehydes and ketones selectively to corresponding alcohols with water as solvent. 

The ZrREnOx carrier was synthesized by surfactant-assisted 

co-precipitation/hydrothermal crystallization method and used to load Co nanoclusters 

by simple impregnation method. The influence of the modification conditions, 

including doping ratio and the rare earth metals, on the catalyst structure and catalytic 

performance for aromatic aldehydes and ketones hydrogenation were studied. A series 

of characterizations were carried out: nitrogen adsorption-desorption, X-ray 
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diffraction (XRD), transmission electron microscope (TEM), high-angle annular 

dark-field scanning transmission electron microscopy (HAADF-STEM) with energy 

dispersive spectrometer (EDS) mapping, H2 temperature programmed reduction 

(TPR), H2 and NH3 temperature programmed desorption (TPD), O2 titration, Fourier 

transform infrared spectroscopy (FT-IR), in-situ and ex-situ X-ray photoelectron 

spectroscopy (XPS). These characterizations led to deep insights into the complex 

catalyst structure. The stability of catalysts was also investigated by the recycling 

experiments.  

 

2. Experimental Section 

Chemicals Materials  

Acetone (AR, >99%), furfural (AR, >99%), furfuryl alcohol (AR, >99%), 

tetrahydrofurfuryl alcohol (AR, >97%), n-hexanol (AR, >99%), sodium hydroxide 

(AR, >99%), ethanol (AR, >99%),n-hexane (AR, >99%), ethyl acetate (AR, >99%), 

dichloromethane (AR, >99%), benzaldehyde (AR, >99%), benzyl alcohol 

(AR, >99%), phenethyl alcohol (AR, >99%), butyraldehyde (AR, >99%), 

acetophenone (AR, >99%), cobaltous nitrate hexahydrate (AR, >99%), sodium 

hydroxide (AR, >99%), lanthanum(III) nitrate hexahydrate (AR, >44%), 

praseodymium(III) nitrate hexahydrate (AR, >44%), zirconyl chloride octahydrate 

(AR, >99%), ceric ammonium nitrate (AR, >99%) and cetyltrimethyl ammonium 

bromide (AR, >99%) were obtained from Sinopharm Chemical Reagent Co., Ltd. 

5-hydroxymethyl furfural (AR, >99%) and 2,5-dihydroxymethyl furan (AR, >99%) 

were obtained from Hefei Leaf Biotech Co., Ltd. Neodymium nitrate hexahydrate 

(AR, >99%) was purchased from Aladdin Chemical Reagent Co., Ltd. Purified 

furfural was obtained by vacuum distillation and stored at -15°C. 

 

Catalyst preparation 

The carriers with different atomic ratios of Zr to La were synthesized by 

surfactant-assisted co-precipitation/hydrothermal crystallization (SACPHC) 30 with 

modification. Generally, a certain amount of cetyltrimethyl ammonium bromide 
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(CTAB) was dissolved in deionized water at 60 °C with agitation. Zirconium 

oxychloride solutions and lanthanum nitrate solution were added to give a clear 

homogeneous solution, which including Zr, La, CTAB and H2O at a molar ratio of 1: 

x: 0.5: 100 (where x equaled to 0, 0.2 and 1), respectively. After half an hour, 1 M 

fresh sodium hydroxide solution was added dropwise under vigorous stirring to a 

constant pH of 9. Then, the mixture was aged at 90 °C for 10 h followed by filtration 

and washing with deionized water and ethanol. Finally, the precipitate was dried at 

105 °C overnight and then calcined in air at 550 °C for 4 h. The carrier was marked as 

ZrO2, ZrLa0.2Ox and ZrLaOx, respectively. LaOx was synthesized by the similar 

preparation method as ZrO2 where Zr was replaced by La. 

The carrier with various rare earth metals (Ce, Pr, Nd) was prepared by the same 

process as that of ZrLa0.2Ox. The carrier prepared without surfactant was labeled as 

ZrLa0.2Ox-N. 

The Co catalysts were prepared by impregnation method. The carrier (0.5 g) was 

dispersed in acetone (42 g) with stirring at 45 °C. Cobalt nitrate (0.264 g) were 

dissolved in 5 ml acetone and then added dropwise. After stirring for 24 hours, 

acetone was removed by rotary evaporation. The catalyst was dried at 110 °C 

overnight and calcined at 300 °C for 2 h ramping at 1 °C min-1. Finally, the catalyst 

was calcined at 600 °C for 2 h at a rate of 1 °C min-1. The calcined catalysts were 

reduced in H2 atmosphere at 600 °C for 2 h with a heating rate of 1 °C min-1 before 

reaction. The Co content was measured by ICP-AAS of PerkinElmer Corporation 

AA800. 

 

Experimental procedure 

The hydrogenation of furfural was performed in a 25 ml stainless steel autoclave 

equipped with a magnetic stirrer. Typically, the mixture of furfural (1 mmol), catalyst 

(50 mg) and water (10 ml) was added into the reactor and flushed with H2 several 

times. The reactor was pressured with H2. Then it was heated to the desired 

temperature. After reaction, the reactor was cooled to ambient temperature. The liquid 

products were transferred with 20 mL of ethanol and n-hexanol was used as internal 
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standard for quantification. Then the sample was analyzed by a gas chromatograph 

(GC, Kexiao 1690) with a HP-INNOWAX capillary column (30m×0.25mm×0.25µm) 

and GC-MS (Agilent 7890A). The GC detecting conditions: nitrogen was the carrier 

gas; injection port temperature was 280 °C; detector (FID) temperature was 280 °C. 

Column was heated from 40 °C to 250 °C by 10 °C min-1.  

 

Characterization methods 

X-ray diffraction (XRD) was conducted on an X-ray diffractometer (TTR-III, 

Rigaku Corp, Japan) using Cu Kα radiation (λ= 1.54056 Å). The data were recorded 

over 2θ ranges of 10-70°.  

Transmission electron microscopy (TEM) image of the samples were obtained with 

a JEOL JEM-2010 high-resolution transmission electron microscope operated at 200 

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

(HAADF-STEM) image and the energy dispersive spectrometer (EDS) mapping 

image of the samples were obtained with a JEOL JEM-2010F at 200 kV. 

The nitrogen adsorption/desorption isotherms were measured by a Micromeritics 

TriStar II system (TriStar II 3020 V1.03). The specific surface area was determined by 

Brunauer−Emmett−Teller (BET) equation. The pore sizes were calculated by the 

thermodynamic based Barrett−Joyner−Halenda (BJH) method. 

In situ XPS measurements were carried out on a Kratos AXIS Ultra 

DLD spectrometer using a monochromatic Al Kα (1486.6 eV) irradiation source 

operated at 150 W. The spectra were recorded using an aperture slot of 300 × 700 µm2. 

The survey spectra were recorded with pass energy of 160 eV and 

high-resolution spectra were recorded with pass energy of 40 eV. The pressure in the 

analyser chamber was 10-8 Pa. Binding energies were calibrated using the C 1s peak at 

285.0 eV. 

All the temperature-programmed desorption and/or reduction were carried out in a 

home-built reactor system coupled with a gas chromatograph. All the gas flow was 40 

ml min-1. Temperature-programmed reduction with hydrogen (H2-TPR) was 

performed to determine the reducibility of the catalysts. 75 mg catalyst was treated in 
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Ar at 500 °C for 1 h and then cooled to 80 °C. Afterwards, the sample was heated to 

800 °C at a rate of 10 °C min-1 in a mixture of H2 (5.08%v/v)/Ar flow. The outlet gas 

was analyzed with an on-line gas chromatograph. 

The O2 titration43,44 was carried out to characterize the Co dispersion. In a typical 

run, 70 mg catalyst was activated at 450 °C for 10 h using a flow of hydrogen and 

cooled to 100 °C in hydrogen stream. The sample was held at 100 °C under flowing 

Ar for 1.5 h to remove physisorbed and/or weakly bound species before increasing 

temperature to the reduction temperature. At this temperature, the catalyst was heated 

to 800 °C in Ar to desorb the remaining chemisorbed hydrogen (H2-TPD process). 

When the temperature cooled to 450 °C, the calibrated pulses of O2 were added until 

no further consumption of O2 could be detected by a thermal conductivity detector. 

The mole number of O2 consumed was recorded and the percentage of reduction was 

calculated, assuming that Co0 was re-oxidized to Co3O4. 

Temperature-programmed desorption of ammonia (NH3-TPD) was employed to 

determine the total acidity of the catalysts. Prior to absorption of ammonia, 60 mg of 

catalyst sample was heated at 500 °C for 1 h under Ar flow and then cooled to 80 °C 

followed by saturating with pure NH3 for 1 h. After flushing with Ar for 1h, the 

NH3-TPD was performed from 80 °C to 650 °C with a heating rate of 10 °C min-1. 

The desorbed ammonia was monitored by an on-line gas chromatograph equipped 

with a thermal conductivity detector (TCD). 

FT-IR was performed by Nicolet 8700. The catalyst was mixed with substrates 

solution for 10 h at room temperature and then dried in N2 flow overnight. 

 

3. Results and discussion  

3.1 Catalyst Characterization 

A series of Co catalysts were prepared on ZrO2, La2O3 and various ZrLaOx oxides. 

X-ray diffraction (XRD) was carried out on various carriers (Figure 1A) and catalysts 

(Figure 1B). As shown in Figure 1A, the diffraction peaks of ZrO2 can be indexed to 

two types of unit cells: the peaks at 2θ positions 30.3°, 35.2°, 50.6°, 60.0° and 62.23° 

were assigned to tetragonal zirconia (t-ZrO2) while 24.3°, 28.1°, 31.3°, 34.6°, 35.2°, 
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49.2° and 50.1° stood for monoclinic zirconia (m-ZrO2).
45 Both the two phases were 

detected in as-prepared ZrO2. After La addition, only the diffraction peaks of t-ZrO2 

were found, and no signal corresponding to m-ZrO2 or any La species was detected in 

ZrLa0.2Ox. The main peaks of t-ZrO2 in ZrLa0.2Ox slightly shifted to lower diffraction 

angle when the larger metal ions La3+ (106.1 pm) was doped in Zr4+ (80 pm), 

suggesting that La had been doped into ZrO2 lattice and increased the interplanar 

spacing.46 When the molar ratio of La/Zr increased from 0.2 to 1, the amorphous 

species were formed, while the diffraction peaks of t-ZrO2 crystal structure were not 

found. As exposed to air during calcination, it was La2O2CO3 phase in as-prepared 

LaOx due to La2O3 was sensitive to carbon dioxide.47 

The XRD patterns of Co loaded catalysts were showed in Figure 1B. If detected, 

the diffraction peaks of Co3O4 should be at 36.9 and 65.2°. The diffraction peak of 

CoO and metallic Co can be observed at 42.4° and 44.4°, respectively.48 After Co 

precipitation, calcination, and reduction treatment, a significant change of phase 

occurred in Co/ZrO2 from t-ZrO2 to m-ZrO2 compared with unloaded carrier while it 

almost kept unchanged in Co/ZrLa0.2Ox. As studied in previous literatures, impurities 

and structural defects could stimulate the formation of meta-stable t-ZrO2 at 

temperature lower than its crystal transition temperature.49,50 Herein, a stable t-ZrO2 

phase can be obtained easily by La doping. There was La(OH)3 in Co/LaOx which 

could come from the reaction of La2O3 with H2O produced from the decomposition of 

Co(NO3)2·6H2O during the calcination.51 Except for Co/ZrLaOx, no signal of Co 

species was observed in the rest catalysts, suggesting that Co was highly dispersed. 

The diffraction peak in Co/ZrLaOx was assigned to metallic Co. 
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Figure 1. (A): XRD patterns of ZrO2, ZrLa0.2Ox, ZrLaOx and LaOx. (B): XRD patterns of Co/ZrO2, 

Co/ZrLa0.2Ox, Co/ZrLaOx and Co/LaOx. 

Table 1. The characteristics of Co catalysts 

Entry Catalysts 

Co 

content 

(wt%) 

SBET (m2g-1) 

Carrier 

SBET (m2g-1) 

Catalysts 

Dispersion 

 (%)a 

Average 

particle 

size (nm)a 

1 Co/ZrO2 8.90 54.7 49.1 50.67 1.9 

2 Co/ZrLa0.2Ox 8.81 125.3 53.3 89.72 1.1 

3 Co/ZrLaOx 8.40 52.5 24.9 24.54 3.9 

4 Co/LaOx 8.30 7.3 9.5 37.11 2.6 

5 Co/ZrLa0.2Ox-N
b 8.53 107.9 15.5 16.19 5.9 
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(a) The dispersion and average particle size were measured by O2 titration, (b) No surfacant was 

used for the catalyst preparation.  

The surface area was measured and shown in Table 1. The ZrLa0.2Ox revealed the 

highest BET surface area. Compared with lower specific surface area of ZrO2, the 

doping of small amount of La could lead to a significant increase in specific surface 

area from 54.7 to 125.3 m2g−1. Further increasing La content led to an amorphous 

state so that the specific surface area decreased. After Co loading, the BET surface 

area of Co/ZrLa0.2Ox decreased (Entry 2), but was still the highest among all Co 

catalysts. The nitrogen adsorption–desorption isotherm and BJH adsorption 

cumulative volume of pores of ZrLa0.2Ox and Co/ZrLa0.2Ox were shown in Figure S1. 

Based on the IUPAC classification, the isotherms were both type II.52 The area of 

hysteresis loop below 0.48 P/P0, which comes from small micropore, disappeared after 

Co loading, indicating that the Co occupied or blocked all the micropores. These 

micropore may form from surfactant removing. The gently rising section between 

0.6-0.8 P/P0 in ZrLa0.2Ox revealed a wide distribution of pore size. These micropores 

were typically formed by stacking of ZrLa0.2Ox particles. After Co loading, the slope 

in the hysteresis loop indicated a relatively uniform distribution of pore size. 

Considering about the BJH adsorption cumulative volume of pores, after Co loading, 

the decrease of pore volume is 0.239-0.142=0.097 cm3/g, which is much larger than 

the volume of supported Co (0.0881/8.9=0.0099 cm3/g). Besides the possible collapse 

of stacking, Co might be loaded at some openings of stacking pores. For ZrLa0.2Ox 

without surfactant, after Co loading, the surface area decreased remarkably. It was due 

to the sintering of ZrLa0.2Ox without surfactant. The chemical titration by O2 was 

carried out to measure the average particle size of Co, as shown in Table 1. The 

Co/ZrLa0.2Ox had the smallest average particle size of 1.1 nm, which was inversely 

with specific surface area. 

To observe the morphology clearly, the TEM images of all Co-based catalysts were 

presented in Figure 2. From Figure 2a and b, it is hard to see the difference between 

Co/ZrLa0.2Ox and ZrLa0.2Ox. In order to recognize the metal Co, the fresh reduced 

sample was investigated by HAADF-STEM. Unfortunately, we could not distinguish 
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Co clusters definitely (Figure 2c). The energy dispersive spectrometer mapping image 

(Figure 2d) was then taken. It confirmed that Co and La were both existent and 

dispersed well on ZrLa0.2Ox. In the morphology, Co/ZrLa0.2Ox was similar to Co/ZrO2 

except for the carrier size. With La doping, the carrier size was decreased, which 

could exhibit an increase in the specific surface area, as discussed before. For the 

Co/ZrLaOx and Co/LaOx, the Co nanocluster could be recognized by TEM. At least 

150 particles were measured and the Co average particle sizes were estimated as 3.5 

nm and 2.7 nm for Co/ZrLaOx and Co/LaOx, respectively. Those results were 

basically consistent with O2 titration measurement (Table 1). In Figure 2g, the La2O3 

supported Co particles were also highly dispersed. 
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Figure 2. TEM images of (a) Co/ZrLa0.2Ox, (b) ZrLa0.2Ox, (c) High-angle annular dark-field 

STEM image of Co/ZrLa0.2Ox, (d) EDS mapping image of Co/ZrLa0.2Ox, (e) Co/ZrO2, (f) 

Co/ZrLaOx, (g) Co/LaOx, and (h) Co/ZrLa0.2Ox-N.  
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Figure 3. H2-TPR profiles Co/ZrO2, Co/ZrLa0.2Ox, Co/ZrLaOx, and Co/LaOx.  

Temperature-programmed reduction with hydrogen (H2-TPR) is a powerful tool to 

study the reduction of the oxide phase and the interaction between the carrier and 

supported metals.53 H2-TPR profiles of various Co-based catalysts after calcination 

are presented in Figure 3. The peak-fit had been be performed in order to clearly 

explain the attribution of the partly overlapped reduction peaks in the different 

samples. At low temperature, two reduction peaks in the overlapping were assigned to 

the reduction of Co3O4 to CoO and the subsequent reduction of CoO to Co0. 22,54 The 

tailing peak after 450 °C in the TPR profiles of Zr-based catalysts implied that there 

was a certain  interaction between Co metal and Zr carrier.55,56 The extent of tailing 

was maximal in Co/ZrLa0.2Ox and declined with less or more La addition. No similar 

tailing existed in Co/LaOx. The reduction temperature of Co0 also changed. When 

small amount of La doped in the ZrO2, the reduction temperature decreased. With 

further addition of La, a new reduction peak was found at high temperature (~690 °C). 

Based on the previous report, it could be attributed to the reduction of carbonate and 

hydroxyl species in the LaOx matrix.57 

 

3.2 Hydrogenation of Furfural 

Table 2. Hydrogenation of Furfurala 

Entry Catalyst Conversion (%) Yield (mol%) 
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FA THFA 

1 Co/ZrO2 86 85 1 

2 Co/ZrLa0.2Ox 95 92 3 

3 Co/ZrLaOx 84 82 2 

4 Co/LaOx 80 79 1 

5 Co/ZrLa0.2Ox-N 66 56b 0 

6c Co/ZrLa0.2Ox 98 95 3 

7 ZrO2 5.5 5.5 0 

8 ZrLa0.2Ox 9.2 9.2 0 

(a) Reaction conditions: 100 mg furfural, 50 mg catalyst in 10 mL water, 80 °C, 2 MPa H2, 2 h. (b) 

The loss of carbon balance came from undetected polymerization. (c) Reaction conditions: 

40 °C, 2 MPa H2, 10 h. 

To test the catalytic activity of the Co catalysts, the hydrogenation of furfural in 

water with H2 was used as a probe reaction for aromatic aldehydes and ketones 

hydrogenation. Usually, furfural could proceed the hydrogenation of C=O bond, the 

hydrogenation of C=C bond, the hydrogenolysis C=O bond, decarbonylation, 

rearrangement and polymerization. 58,59 As shown in Table 2, when the reaction was 

carried out with Co catalysts at 80 °C, 2 MPa H2 in 2 h, furfuryl alcohol was the 

predominant product along with very small amount of over-hydrogenation by-product, 

tetrahydrofurfuryl alcohol (THFA). The conversion was increased from 86% to 95% 

by doping small amount of La to Co/ZrO2 and then decreased to 84% by increasing 

the ratio of La to Co as 1:1. The conversion with Co/LaOx was even lower, which was 

80%. Co/ZrLa0.2Ox-N showed a 66% conversion and 10% carbon loss coming from 

undetected polymerization.60 When the reaction temperature was reduced to 40 °C, 

the catalyst could achieve 95 mol% yield of furfural alcohol in 10 h, which should be 

the lowest reaction temperature for the reported heterogeneous none precious metal 

catalyst. Control reactions for hydrogenation of furfural over carriers were also 

performed. La2O3 did not show any activity and ZrO2 showed a low activity for the 

reaction. After doping La, the conversion of furfural changed from 5.5% to 9.2%. 

 In the hydrogenation reaction, the activity and selectivity could be affected by the 

solvent. Solvents including dichloromethane, n-hexane, ethyl acetate and ethanol were 

employed for furfural hydrogenation by using Co/ZrLa0.2Ox as catalyst (Table S3). 
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Only 12% of furfural alcohol was produced in dichloromethane, which could be due 

to the impact of chlorine on the catalyst. 60% of furfural alcohol was produced in 

n-hexane. Interestingly, 92% of furfural alcohol was produced in ethyl acetate, ethanol 

and water, respectively. Combining the advantage such as cheaper, more available and 

environment-friendly, water should be the best solvent for our catalytic system. 

3.3 Interactions among the elements of catalysts 

The specific reaction activity revealed La doping significantly affected the 

distribution of Co nanoparticles. To study the interaction between La doped carrier 

and Co, H2 temperature programmed desorption (H2-TPD) was employed to 

characterize the strong metal-support interactions (SMSI) by calculating the amount 

of H2 absorption of the catalyst.22,61,62 The results are displayed in Table 3.  

 

Table 3. The H2 adsorption of the catalysts by H2-TPD.  

Catalysts Co/ZrO2 Co/ZrLa0.2Ox Co/ZrLaOx Co/LaOx Co/ZrLa0.2Ox-N 

H2 adesorption 

(mmol g-1) 
0.556 0.503 0.653 0.770 0.608 

 

Tauster et al had explained that the SMSI could suppress of hydrogen 

chemisorption over the catalysts.63 It was clear that the H2 desorption, which was 

assigned to the amount of H2 absorbed at lower temperature, changed. Co/LaOx 

obtained the maximum H2 absorption. With the decline of La ratio, the suppression 

was more significant. Specially, Co/ZrLa0.2Ox revealed the minimum H2 

absorption, and thus, Co/ZrLa0.2Ox possessed the strongest SMSI, thereby allowing 

the Co paticle size to be smaller and stable. Therefore, the SMSI can be maximized 

with a suitable Zr/La ratio.  
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 Figure 4. In situ XPS of (A) ZrO2, ZrLa0.2Ox, Co/ZrO2, Co/ZrLa0.2Ox and Co/ZrLa0.2Ox-N; 
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(B)  LaOx, ZrLa0.2Ox, Co/LaOx, Co/ZrLa0.2Ox and Co/ZrLa0.2Ox-N; (C) Co/ZrO2, 

Co/ZrLa0.2Ox, Co/ZrLa0.2Ox-N and Co/LaOx   

 In situ XPS was also used to study the interactions of various elements among the 

catalysts, and the results were shown in Figure 4. The spectra of Zr revealed that the 

peaks at 182.0 and 184.4 eV were assigned to Zr 3d5/2 and Zr 3d3/2, respectively.64 

After La doping, Co loading or no CTAB addition, the binding energies all increased, 

demonstrating that the Zr species were more likely to interact with other elements via 

electron donation. However, the Zr local environment changed slightly in 

Co/ZrLa0.2Ox, implying more complex interactions among each elements, especially 

between Co and La. In the spectra of La, the doublet peaks at 835.5 eV and 852.3 eV 

were assigned to La 3d5/2 and La 3d3/2.
65 A slight shift was observed when La doped in 

ZrO2, which was due to the interaction of La and Zr and the migration of electric 

charge. Unlike Co/ZrLa0.2Ox-N, there was a shift in both Co/LaOx and Co/ZrLa0.2Ox 

after the Co loading. This interaction may contribute to Co dispersion. The binding 

energy of Zr 3d decreased after La doping, while that of La 3d was higher in 

ZrLa0.2Ox than in LaOx. It indicated that La donated electron to Zr to make a 

Zr4-δLa3+ε
0.2Ox species. This interaction would not only stabilize the carrier, but also 

led to more coordinative unsaturated defects. From Co 2p spectra, we could find two 

different kinds of Co species exist. The peaks at 777.9 eV and 792.8 eV related to Co 

interacting with La, which could not be observed in Co/ZrO2 catalyst. The peaks at 

780.3 eV and 796 eV related to Co nanoclusters. So in these catalysts, the doping of 

La improved the interaction between Co and support. It could also explain why 

Co/LaOX possessed such low specific surface area (9.5m2/g) but still small Co average 

particle size (2.6 nm). In this catalyst, ZrO2 was the main support, while La doping 

could not only modify ZrO2 to reach high surface area, but also contribute to Co 

dispersion. These two effects jointly promoted high Co dispersion. 

  

 3.4 Adsorption Mechanism 

Besides the high dispersion of Co, the interactions between feedstock and support 

could be a significant issue. As carbonyl group is a Lewis base, the surface acidity 
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could promote the adsorption of aldehyde feedstock. The acidic properties of the 

synthesized carriers were investigated by NH3-TPD, as shown in Figure 5. In general, 

the amount of acidic sites were affected by La addition.66 The acidic sites in this kind 

of mixed oxides mainly come from the exposed metal cation, and can be classified 

depending on NH3 desorption temperatures as weak acidic sites ( <200 °C), medium 

acidic sites (200-400 °C) and strong acidic sites ( >400 °C).67 From the curves in 

Figure 5, all the carriers showed a broad peak from 80 to 200 °C, demonstrating the 

existence of weak acidic sites. No desorption peak was found when the 

temperature raised over 200 °C. The acidity was increased first and then decreased 

with the La-doping. Compared with ZrO2, the improved acidity for ZrLa0.2Ox could 

be explained by that (1) t-ZrO2 had a stronger acidity than m-ZrO2,
68 (2) the higher 

specific surface area could allow more acidic sites to be exposed to the surface 

(Table 1). Based on the XRD results, the m-ZrO2 was disappeared after La addition 

which could affect the crystal structure or the electronic feature and then change the 

surface acidic properties. The decreased acidic sites in ZrLaOx might be attributed to 

the declined molar ratio of Zr with La addition. As a typical solid base, LaOx had very 

few weak adsorption of NH3. Therefore, the doping could alter the acidic property of 

the carrier, which would affect the absorption for carbonyl group. 

 

Figure 5. NH3-TPD patterns ZrO2, ZrLa0.2Ox, ZrLaOx, and LaOx. 
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Figure 6. FT-IR spectra of furfural, fresh reduced Co/ZrLa0.2Ox catalyst, furfural absorbed on 

Co/ZrLa0.2Ox, furfural absord on ZrLa0.2Ox, butyraldehyde, and butyraldehyde adsorbed on 

Co/ZrLa0.2Ox.  

To further study the interaction between feedstock and carrier, the furfural 

adsorption experiments were carried out and characterized by Fourier transform 

infrared (FT-IR) spectroscopy (Figure 6). For the pure furfural sample, the 

characteristic of C=O vibration was at 1673 cm-1. In the fresh catalyst, the band at 

1630 cm-1 was the characteristic of O-H banding mode which could be attributed to 

the stretching vibration mode of chemisorbed water.69 This band presented in all the 

materials. When furfural absorbed on Co/ZrLa0.2Ox, the characteristic of C=O 

vibration of furfural was disappeared at 1673 cm-1. The band at 1751 cm−1 was 

assigned to the physisorbed furfural.70,71 A new band was formed at 1572 cm-1 which 

overlapped with the O-H banding mode. When furfural absorbed on ZrLa0.2Ox, the 

Page 20 of 29

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



new band was at 1564 cm-1. To identify whether this new band was related to the 

interaction between C=O bond and the catalyst, we took butyraldehyde with simple 

structure and functional group as the probe molecule. The standard band of C=O 

stretching vibration of butyraldehyde was at 1720 cm-1, which was also disappeared 

and a new band was formed at 1553 cm-1 over butyraldehyde absorbed Co/ZrLa0.2Ox. 

This band probably be due to the absorption of C=O bond. Thus, the new band could 

be assigned to the absorption of C=O bond over both ZrLa0.2Ox carrier and 

Co/ZrLa0.2Ox catalyst. The reason for the decreased in wavenumbers over 

Co/ZrLa0.2Ox could be related to the absorption of aldehyde group with Zr4+ (acidic 

site of ZrO2) by lone pair electron rather than breaking the C=O, which could weaken 

C=O vibration.72,73 In Figure 6, a blue shift from 1564 cm-1 to 1572 cm-1 implied that 

Co could interact with C=O bond. With the establishment of this interaction, the 

electron could transform from the d-orbitals of Co to double bond π-orbitals to 

enhance the C=O bond.  

Therefore, a possible reaction pathway was proposed: First, the C=O bond of 

furfural was interacted with both carrier and Co. Then, the C=O bond could be 

hydrogenated by hydrogen atoms and furfuryl alcohol was formed. In this catalyst, the 

small Co clusters could activate the hydrogen and C=O bond, while the carrier 

absorbed the C=O bond. They co-contributed to the interaction between catalyst and 

reactant, which can improve the catalytic activity even at lower temperature. 

 

3.5 The effect of surfactant on the catalyst 

Except for the doped ratio, the surfactant have a significant influence on the 

catalytic property. To understand the function of surfactant, we compared the 

properties of Co/ZrLa0.2Ox-N with Co/ZrLa0.2Ox through the XRD, BET, TEM, 

H2-TPD, NH3-TPD and XPS. Basically, from Figure S2d, the same phase (t-ZrO2) of 

the catalysts implied that the surfactant didn’t change the crystal structure. However, 

the surfactant could affect the specific surface area and average particle size. 

Compared with ZrLa0.2Ox, the specific surface area of ZrLa0.2Ox-N was decrease from 

125.3 m2g-1 to 107.9 m2g-1
 (Table 1). If no surfactant was used, the specific surface 
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area of catalyst was declined from 53.3 m2g-1 to 15.5 m2g-1 with the Co loading. As 

mentioned above, the carrier without surfactant could have lower stability and will 

sintered during Co loading. From the TEM image (Figure 2h), the morphology of the 

Co/ZrLa0.2Ox-N was similar to the Co/ZrLa0.2Ox. The poor contrast limited the 

recognition of Co from the carriers. However, the TEM images revealed an increase 

in the carrier size over the ZrLa0.2Ox-N and the average particle size of Co over 

ZrLa0.2Ox-N was increased form 1.1 nm to 5.9 nm by O2 titration measurement, 

which was the largest in our catalysts. From the H2-TPD result in Table 2, the SMSI 

was declined without the surfactant modification, and the H2 adsorption was 

increased from 0.503 mmol g-1 to 0.608 mmol g-1. The interaction was weakened, 

thereby leading to much larger average particle size. From XPS spectra in Figure 4, 

the binding energy of both La 3d and Zr 3d in Co/ZrLa0.2Ox-N were higher than that 

in Co/ZrLa0.2Ox, indicating that the carrier without surfactant was more saturated. 

Most Co species in Co/ZrLa0.2Ox-N revealed free Co particles. The acidity of 

ZrLa0.2Ox-N was similar to ZrLa0.2Ox, demonstrating the surfactant had almost no 

influence on the acidic sites (Figure S3). Thus, we speculated that the surfactant 

could improve the SMSI to achieve the highly dispersed Co nano-clusters.  

 

3.6 The extension of the catalyst system 

3.6.1 Hydrogenation over various doped Co/ZrREOx catalysts 

Other rare earth metals could also be doped into Zr matrix and worked for furfural 

conversion (Table 4). When different rare earth metals were added, they revealed the 

similar t-ZrO2 crystal structure. No diffraction peak of Co was found in the catalysts 

as presented in Figure S3. It was worth mentioning that under the same ratio of 

doping metal, the Co average particle size was almost decreased with the increase of 

rare earth metals ions radius (La3+ > Pr3+≈Nd3+ > Ce4+). All the catalysts revealed 

good catalytic activity, and the conversion of furfural to furfuryl alcohol was higher 

than 90% under the selected conditions. The average particle size could affect the 

catalytic activity. Small Co nanocluster showed the best catalytic performance while 

the large average particle size led to the poor selectivity and conversion.  
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Table 4. Hydrogenation over different rare earth doped Co/ZrRE0.2Ox catalysts. a 

Entry Catalyst 

Average 

particle 

size (nm)b 

Conversion (%) 
Yield (mol%) 

FA THFA 

1 Co/ZrCe0.2Ox 2.8 90 85 5 

2 Co/ZrPr0.2Ox 2.2 94 89 5 

3 Co/ZrNd0.2Ox 2.0 95 90 5 

(a) Reaction conditions: 100 mg substrates, 50 mg Co/ZrLa0.2Ox catalyst in 10 mL water, 80 °C, 2 

MPa H2, 2 h. (b) The average particle size was measured by O2 titration. 

 

3.6.2 Hydrogenation of biomass derived aromatic aldehydes and ketones 

Other typical aromatic aldehydes and ketones were also tested as substrates under 

40 °C and 2 MPa H2 for 10 h. As shown in Table 5, 5-hydroxymethyl furfural, the 

product of hydrolysis of hexose over acid, could be hydrogenated to 

2,5-dihydroxymethyl furan equivalently. Benzaldehyde and acetophenone were tested 

as model compounds of lignin derived aldehydes and ketones. The conversion both 

reached 100% yield to corresponding alcohol without any saturation of aromatic rings. 

These results revealed that this catalyst was efficient for hydrogenation of aromatic 

aldehydes and ketones at near ambient temperature. 

Table 5. Hydrogenation of biomass derived aromatic aldehydes and ketonesa 

Entry Substrates 
Conversion 

(%) 
products 

Selectivity 

(%) 

1 
 

100 
 

100 

2 
 

100 
 

100 

3 

 

100 

 

100 

(a)Reaction conditions: 100 mg substrates, 50 mg Co/ZrLa0.2Ox catalyst in 10 mL water, 40 °C, 2 

MPa H2, 10 h.  
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3.7 Recycling experiments 

  

Figure 7. The effect of recycle time on the catalytic performance of the Co/ZrLa0.2Ox catalyst.  

Catalyst stability is an important parameter to evaluate its performance, which is 

crucial for large scale applications. Based on the above results, Co/ZrLa0.2Ox catalyst 

exhibited the best catalytic activity and was employed to investigate the stability at 

80 °C for 2 h in water and 2 MPa H2. As shown in Figure 7, the Co/ZrLa0.2Ox can be 

used for 4 times without apparent loss of selectivity. 95% of furfuryl alcohol 

selectivity remained in the whole recycling tests. The conversion slightly decrease 

which was not less than 90% at the run of 4. The used catalyst was analyzed by XRD. 

As shown in Figure S4, there was not obvious difference between the fresh and used 

catalyst. Determined by O2 titration, the Co average particle size after reaction was 2.0 

nm. The results illustrated that the catalytic activity was stable and efficient for the 

selective hydrogenation of furfural. 

 

4. Conclusion  

In summary, rare earth metals (including La, Pr,Nd, and Ce) doped ZrO2 was 

prepared by surfactant-assisted co-precipitation/hydrothermal crystallization method 

and used to load Co by simple impregnation method. The rare earth metal doping 
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could affected the crystal structure of catalysts, dispersed Co nanoparticles by 

strong metal-support interactions (SMSI) and increased the acidic sites. The 

adsorption mechanism exhibited that both carrier and Co adsorbed the carbonyl 

groups. The surfactant addition during support preparation also improved SMSI to 

stabilize the catalyst and increase Co dispersion. Furfural was hydrogenated to 

furfural alcohol in water with up to 95% yield over Co/ZrLa0.2Ox at 40 °C, 2 MPa H2 

in 10 h. Other typical aromatic aldehydes and ketones (such as 5-hydroxymethyl 

furfural, benzaldehyde and acetophenone) were all completely hydrogenated to 

corresponding alcohols. Therefore, this rare earth metal oxides doped ZrO2 supported 

nano Co ternary catalyst showed a great potential in the hydrogenation reaction. 
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rare earth metals doped ZrO2 was prepared with surfactant addition and used to load Co by simple 
impregnation method. They showed high hydrogenation activity for aromatic aldehydes and ketones. 

Furfural was hydrogenated to furfural alcohol with up to 95 mol% yield over Co/ZrLa0.2Ox at 40 °C, 2 MPa 
H2 in 10 h.The influences of doping of La2O3 and surfactant addition were investigated.  
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