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ASTRACT

Nickel catalysts supported on six different titania phases (ATA, ATH, P25, ART, RTH and 

RTS), that differ in phase composition (anatase/rutile), textural characteristics, acidity and 

nature of metal support interactions, have been investigated for aqueous phase hydrogenation 

of furfural. The two phases of titania, anatase and rutile, showed remarkable differences in the 

activity as well as selectivity for products. Higher conversion of furfural was observed on 

rutile phase supported catalysts. While both phases showed the formation of furfuryl alcohol, 

on anatase supported catalysts formation of deep hydrogenated products was restricted to 

cyclopentanone only. On the other hand, on rutile phase supports, further hydrogenated 

products, like, tetrahydrofurfuryl alcohol and cyclopentanol were observed. 

Activity/selectivity patterns are rationalized on the basis of metal-support interactions based 

on XPS, DFT, H2-TPR and acidity data. The results showed that the reducibility of support 

depends on titania crystal phase, which effect active sites at interface and on metal surface 

charge redistribution and blockage of reactive sites. The higher reducibility of anatase phase 

was found to be detrimental for hydrogenation activity. This investigation paves way for 

designing catalysts for selective catalytic transformations of bio-renewable raw materials, like 

furfural.
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1. Introduction

Lignocellulosic biomass is regarded as a sustainable and environmentally benign 

feedstock substitute for fossil-based raw materials, for the production of chemicals and fuels1. 

Liquefaction process such as pyrolysis or hydrothermal treatment, is carried out to break 

down the solid polymeric structure of biomass2–4. In general, biomass-derived molecules are 

highly functionalized and contain higher amount of oxygen than petrochemicals5. Therefore, 

the selective catalytic hydrogenation process is of immense research interest for value 

addition of bio-derived initial stage platform molecules.

Noble metals from Pt group and the non-noble metals like Ni, Cu, Coas active phases, 

have been extensively studied to improve the activity towards selective/partial hydrogenation 

of unsaturated organic compounds6,7. Furfural (Furan-2-carbaldehyde) has been identified as 

one of the key platform molecules, which is derived from pentosan rich agriculture residues 

like oats hull, corncobs, bagasse, rice husk, cotton husk, etc., by hydrolysis and dehydration 

process8. It can be transformed into a wide variety of highly useful chemical intermediates, 

such as, furfuryl alcohol, tetrahydrofurfuryl alcohol, 2-methylfuran, cyclopentanone, 

cyclopentanol, pentanediols, etc., through hydrogenation, hydrodeoxygenation, hydrolysis, 

and rearrangement reactions. They are used for wide range of applications, such as 

plasticizer, hypergolic propellent, production of thermoset polymer and foundry resins, fuel 

additive and green solvent, in the production of fragrance and flavour, etc.,9–13. Further 

transformation of furfural into easily separable or desired products in aqueous medium will be 

a cost-effective process.

Several parameters of the metals and supports, such as, the size, shape, exposed 

facets, selective blocking of sites, alloying, temperature treatment used in the synthesis of 
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catalysts etc., are known to influence the activity and selectivity of a reaction as they are 

prone to modify the electronic properties of the catalysts14–17. Bernal et al. observed that the 

amount of hydrogen adsorption on Pt/CeO2 catalysts decreased with increase in reduction 

temperature18. Abid et al. found that the Pt/CeO2catalysts prepared from platinum nitrate at 

high reduction temperature have transformed to intermetallic compound (CePt5) resulting in 

change of crotonaldehyde hydrogenation selectivity from C=C towards C=O group. On other 

hand, use of chloride precursor prevented metal-support interaction and therefore C=C 

hydrogenation was preferred on Pt nanoparticles19.

Among various oxides supports, titania was found to withstand severe hydrothermal 

conditions20. Its redox nature and surface functionalities can tune metal-support interaction 

and therefore influences the selectivity of partially hydrogenated products. For example, Ru 

grows preferably on rutile in mixed phase TiO2, whereas Pt was found to be randomly 

distributed over both anatase and rutile phases of the support. The stronger interaction of Ru 

with rutile phase was found to be beneficial for levulinic acid hydrogenation21. Similar 

observation was made for xylose hydrogenation where stronger interaction and dispersion of 

Ru nanoparticles was attributed to lattice matching/epitaxial growth of RuO2 with rutile TiO2 

surface, which provided higher activity and selectivity to xylitol than on anatase catalyst22. In 

guaiacol hydrogenation, the partially reduced anatase support found to migrate over Ni 

nanoparticle to form TiOx overlayer, generating highly selective catalytic sites for 

hydrodeoxygenation17.  

TiO2 supported catalysts have shown improved selectivity for furfural hydrogenation23–27.In 

comparison to rutile support, the strong interaction between TiOx and Ru nanoparticle on 

anatase support formed at higher reduction temperature and further alloying with Co have 

shown increase inactivity and selectivity to furfuryl alcohol28. Commercial Raney Ni catalyst 

is found to be less active than supported catalysts29. Ni supported on anatase TiO2, when 
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alloyed with Co, displays higher selectivity to cyclopentanone. Same Ni-Co catalyst, 

preparedat higher pH, enhanced the metal-support interaction, which changes the reaction 

route of furfuryl alcohol intermediate, from ring rearrangement to ring hydrogenation path, 

forming tetrahydrofurfuryl alcohol as major product30.However, on Ni-NiO/P25 catalyst, the 

synergy between Ni-NiO was proposed to favour cyclopentanone selectivity in aqueous phase 

furfural hydrogenation, whereas on pure phase supports or on the chemically reduced Ni the 

activity declines31.Recent study on 5-hydroxymethylfurfural, an analogue to furfural have 

shown that the Ni catalyst with higher concentration of acidic sites on TiO2 (P25 and P90) 

support would yield both hydrodeoxygenation and ring hydrogenation products in dioxane, 

while the anatase with lower acidity and higher Ni dispersion selectively favoured 

hydrodeoxygenation products32.

H2

FAL FOL

THFOL

CPO

CPOLCPO
+ +

Scheme 1. Aqueous phase hydrogenation of furfural over Ni/TiO2 catalyst.[FAL =furfural; 

FOL = furfuryl alcohol; CPO = cyclopentanone; THFOL=tetrahydrofurfuryl 

alcohol; CPOL = cyclopentanol]

The crystal phases and morphologies of support, due to different physico-chemical properties, 

can play an important role in catalysing furfural transformations. Even though there are 

several studies on furfural hydrogenation over supported Ni catalysts, the influence of phase 

composition of TiO2 support on the electronic properties of Ni nanoparticles and metal-

support interactions have not been studied in detail. In this work Ni catalysts supported on 

different TiO2 polymorphs (anatase/rutile) with different compositions were synthesized by 

Page 4 of 29Sustainable Energy & Fuels

S
us

ta
in

ab
le

E
ne

rg
y

&
Fu

el
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
0 

A
pr

il 
20

23
. D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

C
he

nn
ai

 o
n 

4/
20

/2
02

3 
5:

06
:0

7 
PM

. 

View Article Online
DOI: 10.1039/D3SE00131H

https://doi.org/10.1039/d3se00131h


wet impregnation method and further characterized by various physico-chemical 

characterization techniques to explain the relationships between titania phase and the catalytic 

properties. Our results show that pure anatase phase-based catalysts display low activity than 

rutile containing catalysts, but remain highly selective towards hydrogenated products.  

2. Results and Discussion

The Ni catalysts synthesized using commercial anatase titania obtained from Aldrich and 

Hombikat are labelled as ATA and ATH, whereas the catalysts with anatase-rutile mixed 

phase titania supports obtained from EVONIK and Aldrich are labelled as P25 and ART. 

Additionally, two catalysts supported on rutile titania synthesized from hydrothermal and sol-

gel method are labelled as RTH and RTS. About 5 wt% Ni content was loaded on these 

supports by impregnated method, followed by calcination in air at 450°C for 4 h, and then 

reduction in H2 flow at 450°C for 4 h. The prepared catalyst were further characterised to 

account for the reactivity of the catalyst. The detailed catalyst preparation methods and 

characterization tools used are given in the supplementary information file.

a. X-ray diffraction

  X-ray diffraction patterns of Ni/TiO2 catalysts with different phases and compositions of 

titania are shown in Figure 1a-b. The main diffraction peaks at ca.2θ = 25.3°, 37.9°, 48.0°, 

53.9°, 55.1° and, 62.7° were indexed to (101), (004), (200), (105), (211) and, (204) facets of 

anatase phase (JCPDS no. 21-1272), whereas the reflections at27.4°, 36.1°, 39.2°, 41.3°, 

44.1°, 54.3°, 56.6°, 62.8°, 64.1°, 69.0° and, 69.8° corresponding to (110), (101), (200), (111), 

(210), (211), (220), (002), (310), (301) and, (112) indices reveal the presence of rutile phase 

(JCPDS no. 75-1753). The phase transformation from anatase to rutile occurs at temperatures 

above 500°C33. In ATA and ATH based catalysts, no rutile peaks were found after 

calcinations and reduction process, indicating their thermal stability. For RTH and RTS 
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samples, the peaks corresponding to rutile phase were detected. The most predominant 

crystallographic plane (101) and (110) due to anatase and rutile phases were used to calculate 

the phase composition of the titania (Table 1)34. The rutile content in the mixed phase 

supports of P25 and ART catalysts was found to be 23 and 51% respectively. On reduction at 

450 °C, the NiO phase on all supports reduced to metallic Ni. Due to either high dispersion 

and/or low metal loading, only weak Ni (111) peak was observed at ca. 44.5° (JCPDS no. 04-

0850) 

(a) (b)

ATA

ATH

P25

ART

RTH

RTS

*
* * *

ǂ
ǂ ǂ ǂǂǂ *ǂ * ǂ ǂǂ

Ni(111)

Figure 1. (a) X-ray diffractograms of the 5 wt% Ni/TiO2catalysts with different anatase (*) 

and rutile (ǂ) composition (b) Magnified zone of the Ni(111) reflection. * and ‡ denotes 

anatase and rutile phase, respectively.

for ATA, ATH and, P25 catalysts (given in Table 1). On the other hand, due to the overlap of 

Ni (111) peak with TiO2 rutile (210) peak, it was difficult to distinguish the metallic nickel on 

catalysts with rutile phase (ART, RTH and, RTS). Also, no additional peaks corresponding to 

NiTiO3 or NiO were found (Figure S1).

b. Electron microscopy
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Surface morphologies of synthesized catalysts are shown in Figure 2a-f.  Both anatase based 

catalysts exhibit fine particles of size around 50 nm and below, which agglomerated into large 

clusters. It can be seen from the micrograph that support ATH catalyst exhibits small 

nanoplates like morphology. Such regular shapes are not observed for ATA. The P25 sample 

shows granular nanoparticles between 30-50 nm without agglomeration. However, support of 

ART catalyst shows large spherical particles of about 100-350 nm in diameter along with 

distinguishable small particle clusters. It is noted that the surface morphology of particles 

appears smoother with increase in size. The particles of both rutile supports (RTS and RTH) 

show small rod shapes of about 50 to 200 nm in length

(f)(e)(d)

(c)(b)(a)

Figure 2. SEM micrographs of Ni catalysts supported on different polymorphs of TiO2: (a) 

ATA, (b) ATH, (c) P25, (d) ART, (e) RTH and, (f) RTS.

Elemental mapping carried out by Energy Dispersive X-ray spectroscopy (Fig. S1) shows 

uniform distribution of Ni over all TiO2 supports indicating successful synthesis of supported 

catalysts. Elemental analysis of all catalysts (in Table 1) by AAS shows actual Ni loading 
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varies between 4.5 to 4.9 wt%, confirming that almost all Ni precursor impregnation on 

titania support during synthesis.

TEM images of Ni nanoparticles supported on titania are shown in Figure 3. The size of Ni 

nanoparticles loaded over titania supports do not correlate with their BET surface area. In 

case of ART catalyst that has surface area nearly equal to rutile catalysts, the Ni nanoparticles 

size has increased to 15 nm. 

Figure 3. TEM images and histograms(inset)of Ni nanoparticles supported on (a) ATA, (b) 
ATH, (c) P25, (d) ART, (e) RTH and, (f) RTS catalysts.

On other hand, the nanoparticles on rutile supports were found dominantly around 10 nm.  Of 

all the catalysts, the smaller particles were obtained over P25 catalyst. This difference is 

likely due to high surface area of P25 compared to other rutile supports. In contrast, for 

anatase supports, despite of having high surface area, the Ni particles are larger in size, in the 

range of 10 to 12 nm. Even the larger grain boundaries of anatase supports due to their 

smaller crystallites (Table S1) does not provide any additional benefit to stabilize smaller 

nanoparticles. From this it can be inferred that the Ni particle growth depends on other 

textural properties of support such as anchoring of Ni species by surface hydroxyls, their 
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densities, nature of nucleation sites, etc., It also leads to the conclusion that rutile phase plays 

an important role in anchoring Ni nanoparticles. 

Table 1.Physico-chemical properties of Ni catalysts

Strength of acidic sites (μmol/g)f

Catalyst Ni
(%)a

DNi
(nm)b

Ni
Particle 

size
(nm)c

Ni
dispersion

(%)d

Total H2
(μmol/g)e Weak Medium strong total

Density of acidic 
sites (μmol/m2)g

ATA 4.60 7.8 9.7 10.4 841 140 42 49 231 3.7
ATH 4.51 12.1 12.2 8.3 969 156 69 61 286 4.3
P25 4.82 8.1 8.5 11.9 701 77 55 73 205 5.1
ART 4.93 12.4 14.8 6.8 796 53 21 35 109 4.7
RTH 4.89 - 9.5 10.6 726 60 22 48 130 5.9
RTS 4.71 - 9.8 10.3 765 49 34 26 109 4.7

aNi content from AAS;baveragecystallite size of (111) plane of nickel nanoparticle calculated using Scherrer 
equation;cobtained from TEM ;dDispersion of nickel on titania calculated using TEM particle size;eobtained from H2-TPR 
analysis;fobtained from NH3-TPD analysis;gratio of amount of acid sites/BET surface area

c. Textural analysis

Nitrogen adsorption-desorption isotherms and the pore size distribution data obtained for 

reduced catalyst samples are shown in Figure S3 and their physico-chemical properties are 

given in Table S1.All samples show type IV isotherm with H3 hysteresis loop, demonstrating 

meso porous nature of the samples. Both ATA and ATH catalysts displayed hysteresis from 

0.6 to 1 P/Po, where the loop part at lower relative pressure present adsorption-desorption 

process taking place in voids formed between smaller anatase TiO2 nanoparticles and closer 

to unity is due to larger voids present in between agglomerated clusters as observed in SEM 

images. The remaining four samples containing pure rutile or mixed phases showed hysteresis 

at p/p0 close to unity. The large voids present in between these particles gives pore size 

distribution in meso and macropores ranges. BET surface area of pure anatase supported 

catalysts is considerably higher as compared to rutile and mixed phases catalysts.

d. Temperature programmed reduction

TPR profiles of supported NiO catalysts are displayed in Figure 4a, wherein H2 consumed by 

the calcined samples during reduction is measured as a function of temperature. A 

preliminary examination of the peaks shows that the nickel supported on anatase supports are 
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reduced at lower temperatures, compared to the nickel supported on rutile titania. The 

reduction temperature increases with the percentage of rutile phase in the titania samples.  

ATA

ATH

P25

ART

RTH

RTS

ATA

ATH

P25

ART

RTH

RTS

(b)(a)

Figure 4. (a) H2-TPR profiles of NiO supported on different titania supports and (b) 
NH3TPD profilesfor the acid sites of reduced Ni/TiO2catalysts.

NiO supported on ATA and ATH samples start reducing at ca. 250°C and maximum 

H2consumption (Tmax) is observed at 400-428°C respectively.  On the other hand, for the 

mixed phases (P25 and ART) and rutile phases (RTH, RTS) supported nickel catalysts, the 

major reduction peak temperature is shifted to 460-525 °C, with a minor peak between 320 

and 425 °C.  Also, for the anatase supported catalysts a peak above 650 °C is observed, which 

is not present for the mixed phases and rutile samples (see inset of Figure 4a).  The H2 

consumption given in Table 1 suggests that anatase phase supported catalysts consumes 

higher amount of hydrogen than the rutile phase supported catalysts. These results show 

characteristic influence of rutile phase on Ni reduction even when it is present at lower 
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concentrations. When supported on rutile phase, NiO reduction occurs at higher temperature, 

which is due to stronger NiO interaction with rutile compared to anatase phase. This was seen 

even with P25 catalyst where the rutile phase composition was lower. Secondly, the excess 

hydrogen that was consumed by the anatase catalyst, than needed for reduction of complete 

NiO to metallic Ni, is used to reduce TiO2 
35. 

e. Surface acidity

The qualitative and quantitative number of acidic sites plays a significant role in the catalytic 

transformation of furfuryl alcohol to cyclopentanone36–39. The surface acidity of Ni catalysts 

was determined by NH3-TPD and the resulting profiles are shown in Figure 4b. The 

composite peaks obtained were deconvoluted into three peaks consisting of weak, medium 

and strong acidic sites at temperatures respectively at ca.180-230°C, 230-350°C and above 

350°C. The distribution of acidic sites, total sites, and their density on catalyst surface are 

summarized in Table 1 and corresponding temperatures in Table S2. As the rutile percentage 

is increased, the peak positions are shifted to lower temperature regions. Anatase samples 

show high intensity peak in the low temperature region at ca.180-200°C revealing the 

presence of high amount of weak acidic sites. On the other hand, in addition to major peak 

corresponding to weak acid sites on mixed and rutile phase samples, a predominant peak 

emerged at high temperature (ca.350°C along with a shoulder peak at 413°C) representing 

stronger acidic sites. Therefore, for rutile containing samples, the main contribution to total 

acidity comes from both these acidic sites. The medium strength acidity peaks are present in 

between weak and strong desorption peaks and is clearly visible for RTS at ca. 286°C. The 

total acidity of the anatase catalysts was higher than that of the rutile catalysts. This 

difference is due to high surface area of the anatase supports, which has significantly more 

accessible acidic sites even after dispersion of Ni nanoparticles.
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f. X-ray photo electron spectroscopy
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Figure 5. Ni 2p core level XP spectra for the Ni catalysts supported on (a) ATA, (b) ATH, (c) 
P25, (d) ART, (e) RTH and, (f) RTS.
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X-ray photoelectron spectroscopy analyses were carried out to gain insights into metal 

support interaction and its influence on surface electronic properties. Figure 5 shows the 

nickel 2p core level XPS of the prepared catalysts and the corresponding binding energies and 

atomic ratio of elements are given in Table S3. Although, the reduced catalysts were 

introduced for analysis, the nickel gets partially oxidised during the transfer of the samples 

from tubular furnace to the sample holder. As a result, we could only get the mixture of both 

Ni0 and Ni2+ peaks that was distributed over 852-879 eV and this was deconvoluted into 

Ni2p3/2 and Ni2p1/2 peaks. The peak at ~852 and ~869 eV was attributed to Ni0 state and the 

others at ~856 and ~873 eV were assigned to Ni2+ state40. The Ni2p3/2 and Ni2p1/2 peak 

splitting is ~17.3 eV, whereas for titania it is around 5.7 eV. The values given in the Table S3 

show that as the percentage of rutile is increasing the Ni/Ti surface ratio also increases. In 

general, surface area of support, Ni nanoparticles dispersion, the presence of larger Ni 

nanoparticles, evolving of reduced support onto the catalyst surface, etc, contribute to the 

surface Ni/Ti atomic ratio41,42
. As seen from Figure 5 and Table S3, the samples RTH and 

RTS are having Ni0 peaks at 852.6 and 852.5 eV, respectively. Notably, the Ni0 peak for 

mixed phases are shifted to relatively lower binding energy as the anatase percentage 

increases with ART catalyst showing peak at 852.4 eV and P25 sample at 852.3 eV. The 

binding energy is further lowered to 852.2 eV for anatase supported catalysts (ATH and 

ATA), indicating charge redistribution between metal and support. The Ti 2p spectra in 

Figure S4 show two peaks at ~457 and ~458 eV corresponding to Ti3+ and Ti4+ state, 

respectively. The  atomic ratio increases gradually with anatase composition of 
𝑇𝑖3 +

(𝑇𝑖3 + + 𝑇𝑖4 + )

catalyst, suggesting the enhancement of support reducibility, which can influence metal-

support interaction. Figure S5 shows the deconvoluted O1s core level spectra of the prepared 

catalysts. The three peaks are associated with oxygen bonded to the metal lattice site, surface 

hydroxyl group and the adsorbed water or oxygen43.
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g. Aqueous phase hydrogenation of furfural

The prepared catalysts are screened for the hydrogenation of furfural (FAL) in 

aqueous phase (see scheme 1). The conversion and selectivity results obtained at two 

different temperatures over catalysts with different supports are shown in Figure 6. It can be 

seen from these results that the rutile supported catalysts shows better activity than anatase 

based catalysts. At 100°C reaction temperature, furfuryl alcohol (FOL) is the major product 

over all catalysts. Both ATA and ATH catalysts showed 95.6 and 94.3% selectivity to FOL, 

respectively. A small amount of cyclopentanone (CPO, <5%) is also seen on both these 

anatase catalysts. However, the FOL selectivity decreases on mixed phase and rutile catalysts, 

due to the further hydrogenation of furfuryl alcohol. The deep hydrogenated products such as 

tetrahydrofurfuryl alcohol (THFOL, <6%) and cyclopentanol (CPOL, ~1%) were the 

additional products identified on these supports.
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(a)

(b)

Figure 6. Furfural hydrogenation over Ni catalysts with different supports at (a) 100°C and 
(b) 140°C. Reaction conditions: 5.2 mmol furfural, 50 mL water, 50 bar H2, 4h, 
500 rpm.

The increase in the conversion from 39.8% on ATH to 61.7% on ATA does not have much 

effect on their FOL selectivity. Similar behaviour was observed between rutile catalysts, 

where the FAL conversion increases from 62% on RTS to 74.5% on RTH catalyst 

maintaining FOL selectivity of 88%.

It is also found that the ring hydrogenated product such as THFOL formed on RTH catalyst 

with 6.3% selectivity got suppressed to 3.1% on RTS catalyst at the cost of increase in CPO 
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and other unidentified products. Similar observation is made on mixed phase catalysts except 

that the decrease in seen in FOL selectivity instead of THFOL. Both P25 and ART catalysts 

were able to achieve activity identical to RTH catalyst. Hence, these results demonstrate that 

the rutile phase, even at low composition in support (P25) has influenced product distribution.

To get further insight into catalytic activity of rutile phase, the reaction conditions were 

optimized using RTH catalyst. Figure7a shows influence of hydrogen pressure on the activity 

of RTH catalyst. The product distribution selectivity does not alter much with change in 

pressure, but the activity increases from 65.7% at 40 bar to 76.9% at 60 bar. Hence, 50 bar at 

which conversion reaches 74.5% is taken as optimum pressure. 

 In order to understand the role of acidic sites and solvent, the reaction in water was compared 

with that in isopropanol. The isopropanol is known for hydrogen donor ability44,45. But under 

the given reaction conditions, in presence of isopropanol, FAL conversion is suppressed to 

40.6% vis-à-vis 74.5% in water medium.  FOL is selectively formed (87.5%) in water (Fig. 

7b), but in isopropanol its selectivity decreases by 60.4%,with the formation of complete 

hydrogenation product, THFOL, with 31.2% selectivity. Though hydrogen has high solubility 

in isopropanol than water, the water was able to activate polar carbonyl bond by hydrogen 

bonding and also provides additional water mediated routes with low energy barrier for 

hydrogenation46. Also, no ring rearrangement takes place in alcohol medium suggesting that 

proton from dissociated water at acidic sites is necessary to generate protonated furfuryl 

alcohol, the intermediate species to form cyclopentanone47.
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(b)(a)

Figure 7. Furfural hydrogenation over RTH catalysts (a) at different pressure and (b) in 
different solvents (50 bar H2). Reaction conditions: 5.2 mmol furfural, 50 mL 
water, 100°C, 4h, 500 rpm.

The degree of hydrogenation with respect to time is given in Figure 8. After 2h of reaction, 

the conversion reaches 62.5% and increases with time up to 99.4% after 8h. The initial 

selectivity 90% for FOL has decreased to 56.3%. The CPO selectivity has increased twice 

than that of THFOL. At lower reaction temperature CPOL formation is not favoured (~1% 

selectivity). Therefore, reaction time of 4h is desirable to obtain FOL selectivity with 

minimum side products.

When the reaction temperature is raised to 140°C, as shown in Figure 6b, FOL 

undergoes ring rearrangement to CPO on all catalysts. The protonated intermediates 

formation in aqueous phase and the subsequent transformations are catalysed by acidic 

sites48,49. However, the nickel catalysts supported on pure anatase titania has resulted in only 

formation of CPO, whereas on mixed phase and rutile catalysts, additional deep hydrogenated 

products such as CPOL and THFOL are also formed. With the exception of RTS catalyst, 
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FOL is completely consumed in reaction over other mixed and rutile samples with a 

remarkable conversion of 100%. The difference in acidic sites on RTS catalyst is evident 

from its NH3-TPD data, showing shift in distribution from strong to moderate acidic sites.

Figure 8. Furfural hydrogenation over RTH catalyst with respect to time. Reaction 
conditions: 5.2 mmol furfural, 50 mL water, 50 bar H2, 100°C, 4h, 500 rpm.

The similarity in the activity over these catalysts can be understood from their H2-TPR and 

NH3-TPD experiments, where the Ni species and acidic sites profiles are similar for both 

mixed phase and rutile catalysts and are clearly distinguishable from pure anatase supported 

catalysts. Earlier reports have shown that the activation of carbonyl bond occurs on oxide 

surfaces50,51. Baker et. al observed that the FAL adsorption on titania surface generates 

furfuryl-oxy intermediate and it further hydrogenated at supported metal site. From DFT 

studies it was found that such adsorption is energetically favoured at oxygen vacant sites and 

is accompanied by charge transfer process52. The XPS results in present work clearly show 

that the all-titania catalysts contain certain amount of defect sites (Table S3). In addition, as 

the reaction is taking place in aqueous medium under high H2 pressure and temperature, the 
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hydrogen molecules dissociated on Ni near to metal-support interface, can make these active 

sites available for furfural adsorption. But compared to mixed and rutile phase catalysts, the 

higher reducibility of anatase supports is found to be detrimental for FAL hydrogenation.

Most of the formed FOL on anatase catalysts due to higher amount acid sites undergo 

rearrangement to CPO. On the other hand, rutile catalysts comparatively have lesser amount 

of acidic sites, which lead to decrease in selectivity for CPO with the formation of THFOL as 

additional product at metal sites. The absence of THFOL (<0.5%) formation on anatase 

catalysts suggest that active sites for ring adsorption have been blocked. Cui et al. found that 

anatase support encapsulated Ni nanoparticles at 350°C, whereas such encapsulation can 

occur on rutile supports only at high temperature reduction (650°C)40,53. In our case, both 

anatase catalysts shows low activity compared to rutile catalysts, but at the reaction 

temperature of 140°C furfural conversion has reached 63.1 and 83.2% on ATH and ATA 

catalysts, respectively. Such high activities suggest that Ni sites are available for reaction to 

take place and are not completely blocked. XPS results have also shown that the binding 

energy is lower for Ni on anatase, suggesting redistribution of electron charge density 

between metal and support. 

To investigate the possible impact of charge density on the reaction, the DFT studies were 

carried out on Ni clusters. The adsorption and energy barriers were calculated for 

electronically neutral and a charged (-1 electronic charge) Ni clusters. It is found that co-

adsorption energy (Figure S6) of furfural and hydrogen has increased from -4.08 eV on 

neutral cluster to -4.73 eV on charged cluster. FAL and hydrogen separately have adsorption 

energy of -2.98 and -1.67 eV on neutral cluster, whereas -3.40 and -1.90 eV on charged 

cluster, respectively. These values suggest that excess charge on Ni can strengthen adsorption 

of molecules. The hydrogenation of carbonyl group can take place through two possible 

pathways (Figure S7), either by (a) adding first hydrogen to carbon, followed by addition of 
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second hydrogen to oxygen or (b) vice versa. Among them, the route (a) has lower energy 

barriers on both Ni clusters. The Ni cluster with excess electronic charge has higher 

hydrogenation barriers than on neutral cluster. Hence, the charge redistribution of Ni on 

anatase supports can affect the overall activity.

Figure 9. Furfural hydrogenation over RTH(10) catalyst at different temperatures. Reaction 
conditions: 5.2 mmol furfural, 50 mL water, 50 bar H2, 4h, 500 rpm.

The product selectivity for CPOL on anatase catalyst is observed ca. 1%. Inspite of 

significant reaction observed for C=O group of FAL, the carbonyl of CPO molecule remains 

inactive. As given in Figure S7a and c, although the low energy barriers for carbonyl 

hydrogenation of CPO than FAL suggest that reaction is favourable, our results have also 

shown that adsorption strength of CPO on Ni cluster (-2.17 and -2.40 eV on neutral and 

charged cluster) is weaker than both FAL (given above) and FOL (-2.62 and -2.92 eV on 

neutral and charged cluster). This is further investigated by varying Ni content to 10 wt% on 

RH support, labelled as RTH(10).XRD pattern given in Figure S9 clearly shows complete 

reduction of Ni. RTH(10) catalyst activity at different temperatures with 10 wt% Ni content is 
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shown in Figure 9. In comparison with 5wt% Ni (RTH catalyst) the conversion at higher Ni 

content reaches to 98.7% even at 100°C. But higher conversion decreases selectivity of FOL 

to 57%. It is mainly converted to THFOL. The selectivity to CPO is nearly half of the ring 

hydrogenated product (8.4%). At higher temperature, FOL completely consumed after 4h to 

form CPOL as major product. Ring rearrangement products combinedly account for 78% 

selectivity. It was also observed that ring hydrogenation gets lightly suppressed at elevated 

temperatures. On comparing FOL and CPOL selectivity at 120 and 140°C, it is clear that until 

FAL or FOL is present in reaction solution, the adsorption and further reaction of CPO cannot 

be attained. Similar observations were made by Zhou et al. for Ni catalyst, where CPOL 

product was appeared only at higher Ni loading or at longer reaction time54. It is also 

applicable to anatase catalysts where significant amount of both FAL and FOL exist in 

reaction solution even at 140°C after 4h. Similarly, the weaker adsorption of FOL (-2.62 and -

2.92 eV on neutral and charged Ni cluster) than FAL on Ni and presence of significant 

amount of unreacted FAL in reaction solution prevent FOL ring hydrogenation on anatase 

catalysts. On other hand, complete conversion of FAL on rutile catalysts allows adsorption of 

FOL to form THFOL.  

The Ni leaching of all catalysts (Table S4) in reaction mixture after 4h remain below 3 ppm. 

The FTIR spectra of dried catalysts after reaction at 140°C (Figure S10) shows decrease in 

adsorbed furfural or formed intermediates/products on rutile compared to anatase supported 

catalysts. The reusability test was conducted over five runs using RTH catalyst. After every 

run, the catalyst was recovered and reused for next run. As shown in Figure S11, the furfural 

conversion and selectivity towards ring rearrangement and ring hydrogenation products 

during five recycles remain almost stable without any significant loss. The catalyst was 

characterized after 5 cycles and the resulting XRD is shown in Figure S12. As seen, although 

Page 21 of 29 Sustainable Energy & Fuels

S
us

ta
in

ab
le

E
ne

rg
y

&
Fu

el
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
0 

A
pr

il 
20

23
. D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

C
he

nn
ai

 o
n 

4/
20

/2
02

3 
5:

06
:0

7 
PM

. 

View Article Online
DOI: 10.1039/D3SE00131H

https://doi.org/10.1039/d3se00131h


there is an increase in the nickel crystallite size in the spent catalyst, the reaction results show 

that the both conversion and selectivity are retained, showing that the catalyst is robust.  

Tolek et al. reported that Ru/TiO2 catalysts with anatase phase have shown stronger 

interaction between metal and support than rutile phase, which lead to selective activation of 

carbonyl group at Ru-TiOx interface sites on anatase support and higher catalytic activity for 

FAL hydrogenation in alcohol medium28. Similarly on Pt/TiO2 catalysts, the anatase support 

was active in aqueous phase, but FOL has further undergone rearrangement to CPO with 

higher selectivity on rutile support55. Compared to recent reports on Ni/TiO2 catalysts, the 

catalysts in present study exhibited remarkable activity even at lower Ni content30,31. Chen et 

al. have suggested synergistic role of Ni-NiO heterojunction on P25 for furfural adsorption 

and hydrogenation31. The furfural conversion over RTH catalyst reduced using hydrazine 

method shows lower conversion (42.9%) than impregnated catalyst reduced under H2 flow 

(Figure S13). This suggests that the reaction over RTH catalyst prepared by impregnation 

method involve additional active sites along with metal sites. The XRD pattern of our catalyst 

(shown in Figure S1) clearly shows absence of NiO in all catalysts. However, the XPS results 

shows formation of Ni-NiO surface during transfer of sample for analysis. Therefore role of 

Ni-NiO heterojunction cannot be discarded completely. To understand the role of support, the 

H2-TPR of ATH and RTH catalyst was compared with their bare supports. Both phases of the 

support show different reducibility behaviour. As shown in Figure S14, the TPR profile of 

bare anatase titania support (AH) shows peak around 680°C. After loading with Ni precursor, 

the high temperature peaks were observed at 610 and 718°C. On other hand, the peak 

observed at 620°C on bare rutile support (RH) shifted to lower temperature after Ni loading 

and observed as shoulder at around 591°C. In order to provide further insight of the reduced 

catalyst, we have also performed Raman studies. As seen from Figure S15 ATH catalyst has 

shown a intense peak at 147 cm-1 characteristic of anatase Eg symmetry, whereas rutile (RTH) 
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sample show peaks at 430 and 600 cm-1.56-57 Along with the characteristic peaks for anatase, 

in ATH catalysts, we have a peak at 226 cm-1 corresponding to NiTiO3 is also seen.58 It is 

already established that Ni can replace some portion of Ti4+ ions particularly in anatase case 

so as to form NiTiO3, since Ni2+ (0.72 Å) and Ti4+ (0.68 Å) has similar radius and there are 

huge number of defective sites in anatase support compared with rutile.58 Since the amount of 

NiTiO3 formed is very less we could not detect it in the XRD.  However, in rutile catalysts 

peak corresponding to NiTiO3 is not observed. On the other hand, NiO peak around 1060 to 

1090 cm-1 was observed in both catalysts.59 The origin of this NiO peak in sample is due to 

the overexposure of the sample to atmosphere. Also, the formation of NiTiO3 in ATH sample 

is further supported by presence of high temperature (~718°C) TPR peak after Ni loading, 

which can be partially responsible for decrease of furfural conversion on anatase samples.              

In present work, Ni supported either on mixed phase or rutile phase titania were found to be 

active than Ni supported on anatase phase support. Our results also suggest that in addition to 

active metal surface, the metal-support interface play a key role in determining overall 

activity of a catalyst, as it can anchor and activate furfural through carbonyl for 

hydrogenation. The availability of metal sites, charge on metal and acidity further tunes 

product selectivity. The present studies clearly demonstrate how phase composition of titania 

support was able to tune nature of metal through metal-support interaction and acidic sites for 

furfural hydrogenation.

Conclusions

 Ni catalysts supported on anatase, rutile and mixed phase TiO2 were developed for selective 

hydrogenation of furfural in aqueous medium. The support phase of Ni/TiO2 catalysts 

modulates the metal-support interaction effecting both activity and the product distribution of 

the reaction. It is evident from H2-TPR that titania with mixed and rutile phase interact Ni 

nanoparticles strongly than anatase supports. The XPS results indicated significant charge 
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redistribution between Ni and anatase support. Pure anatase supported Ni catalysts have 

shown lower activity than rutile containing catalysts, but higher selectivity for furfuryl 

alcohol and cyclopentanone depending on reaction temperature. The additional deep 

hydrogenation products like tetrahydrofurfuryl alcohol and cyclopentanol are found only on 

rutile and mixed phases catalysts. Finally, the differences in the selectivity are explained by 

using the DFT studies, which suggest that the adsorption strength of active species on Ni 

metal influenced the final product that is formed in the reaction. The results clearly illustrate 

the role of metal-support interaction and crystal phase on both activity and product 

distribution. This work paves way for new insights into rational design of catalysts for direct 

conversion of initial stage platform biomass chemicals to value added products.
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