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Abstract

The ultrafine Fe-doped Ni-B amorphous catalyst (Ni-Fe-B) was prepared by reducing mixgéfe@®iCh with KBH,4 in
agueous solution. At suitable Fe-contegtd), the Ni-Fe-B amorphous catalyst exhibited much higher activity than the corre-
sponding undoped Ni-B in the liquid phase hydrogenation of furfural (FFR) to furfuryl alcohol (FFA). With the incregse of
the activity firstincreased and then decreased while the selectivity to FFA changed in a contrast way. The Fe-B amorphous alloy
itself was inactive for the FFR hydrogenation. The optimyrawas determined as 0.51, at which the FFA yield reached 100%
afterreaction for 4 h. Based on various characterizations, the promoting effect of the Fe-dopant was discussed by considering (1)
the increase in the surface area, more highly unsaturated Ni active sites, and the more homogeneous distribution of the Ni active
sites owing to the presence off&x as a dopant; (2) the affinity of the Eefor the oxygen in the carbonyl group which strength-
ened the adsorption of theO bond by the catalyst and thus facilitated its hydrogenation; (3) the electron donation of the metal-
lic Fe to the metallic Ni, making Fe electron-deficient while Ni electron-enriched which activated-danhd towards the
hydrogenation.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction produced, as shown in the following reaction route
[3]:
Catalytic hydrogenation of furfural (FFR) is an

important industrial reaction since the product fur- +Ha >
furyl alcohol (FFA) is widely used in polymers, fine o (I‘:‘)’ (IHVZ?H
chemicals, and farm chemicd]$,2]. Gas phase hy- H_J]_CHO

drogenation is adopted in most companies, while in D \ CH20H+H2 g “—J]—c
some countries, e.g. in China, liquid phase hydro- ( (111) (V)
genation is also frequently employ¢8-6]. During

the hydrogenation of FFR, various products may be Obviously, the catalyst plays a key role in determining
the selectivity to FFA6]. Up to now, only a few cat-

alysts have been reported for the FFR hydrogenation
* Corresponding author. to FFA [3,7], among them the Cu-Cr based catalysts
E-mail address: hexing-li@shtu.edu.cn (H. Li). are most frequently employed. The disadvantage of
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the Cu-Cr based catalysts is their high toxicity, which
causes severe environmental pollution. The Ni-B
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a SETARAM DSC 111 computer-thermal analysis
system under Ar atmosphere with a heating rate of

amorphous alloy has been proved to be an excellent5 K/min. Alloy compositions were analyzed by means

catalyst for many hydrogenating reactiofs-16].
However, it exhibits unsatisfactory activity and espe-
cially, the low selectivity to FFA when used in the
FFR hydrogenation. It is well known that addition
of a transition metal to form a bimetallic catalyst
may improve both the activity and selectivity and
even the stability during the hydrogenatifdY]. This
paper reports a novel Fe-promoted Ni-B amorphous
catalyst (Ni-Fe-B) which seems powerful in the FFR
hydrogenation to FFA.

2. Experimental
2.1. Catalyst preparation

The Ni-Fe-B samples were prepared in the fol-
lowing procedure: at room temperature, 32ml 2.0 M
KBH4 agueous solution containing 0.2 M NaOH was
added dropwise within 2.0 h into 20 ml Ni£hque-
ous solution containing 1.0 g Ni and a certain amount
of FeCk. The KBH, was greatly excessive to ensure
the complete reduction of the metallic ions in the
solution. During the addition of KBl the solution
was stirred vigorously. After complete reaction, the
resulting black solid was washed free from Cind
K* ions as well as some soluble boron species with
distilled HoO (until pH 7 was obtained). Then, it was
further washed with absolute alcohol (EtOH) and fi-
nally, stored in EtOH until the time of use. The content
of the Fe-dopant in the Ni-Fe-B catalyst, expressed
in the Fe/(Fet+ Ni) molar ratio (re), was adjusted
by changing the amount of Fefin the solution.
For comparison, the Ni-Bxge = 0) and the Fe-B
(xee = 1) samples were also prepared in the similar
way but using single NiGlor FeCg as the catalyst
precursor.

2.2. Catalyst characterization

The amorphous characteristics of the Ni-Fe-B cat-
alysts were investigated by X-ray diffraction (XRD,
Bruker AXS D8-Advance with Cu K radiation) and
selective area electron diffraction (SAED). Differen-
tial scanning calorimetry (DSC) was conducted on

of inductively coupled plasma (ICP, Jarrell-As Scan
2000). BET surface areasdet) were measured by
nitrogen adsorption at 77 K after degassing at 373K
for 2.0h. The surface morphology and the particle
size were determined by means of both the transmis-
sion electron micrography (TEM, JEM-2010) and the
scanning electron micrograph (SEM, XL 30 Philips).
Ni and Fe K-edge extended X-ray absorption fine
structure spectra (EXAFS) were obtained in the Na-
tional Laboratory of High Energy Physics (BL-10B,
KEK, Tsukuba, Japan). Data were treated by using
the EXAFS (ll) progran{18]. The surface electronic
states were determined with a X-ray photoelectron
spectroscope (XPS, Perkin-Elmer PH | 5000C).
Slight Art sputtering was employed to remove sur-
face impurities. All binding energy (BE) values were
calibrated by using the value of contaminant carbon
(C1s = 2846 eV) as a reference.

2.3. Activity test

The hydrogenation reaction was carried out in a
stainless autoclave containing 10 ml FFR, 30 ml EtOH
and 1.0g catalyst at the reaction conditionsPpf =
1.0 MPa andl = 373 K. The stirring effect was pre-
liminarily investigated and a stirring rate of 1000 rpm
was employed, this turned out to be sufficient to elim-
inate the diffusion limit. According to the drop of
H, pressure with the time, the hydrogen uptake rates,
i.e. the hydrogen consumption per hour and per gram
Ni (Rn,, mmol Hy/hg Ni) were calculated accord-
ing to the ideal gas equation. After reaction for 4 h,
the FFR conversion and the selectivity to FFA was
measured by gas chromatographic analysis (GC 1102)
equipped with a flame ionization detector (FID). The
conditions for the analysis were as follows: OV 101
column, injector temperature 373 K, oven temperature
393K, detector temperature 423K, and carrier gas N
30 ml/min. In each run of analysis, the total carbon
content detected in the reaction mixture was almost
the same as that in the initially added FFR, show-
ing that there existed a carbon balance before and af-
ter FFR hydrogenation. Thus, one can conclude that
no other products were left out during the present
GC analysis. The reproducibility of the results was
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checked by repeating the runs at least three times on
the same batch of catalyst and for another three times
for a different batches of catalyst and was found to be
within acceptable limits£5% for the same batch of
the catalyst ane10% for the different batches of the
catalyst).

3. Results and discussion

Fig. 1 shows the HRTEM morphology of the
as-prepared Ni-Fe-B sample, from which one can see
that the Ni-Fe-B sample was present in the form of
spherical particles with the average diameter around
30nm. Those particles were surrounded by a large
quantity of white gel-like substances. They could be
attributed to both the boron and iron oxides which
could be confirmed by XPS spectra, as discussed be-  Fig- 1. HRTEM morphology of the fresh Ni-Fe-B sample.
low. The XRD patterns, as shown Fig. 2 revealed
that all the fresh Ni-Fe-B samples were present in the talline Ni;B alloy, FeB alloy, Ni-Fe-B alloy, Ni-Fe
amorphous structure similar to that of the undoped alloy, and metallic Ni phases appeared, showing
Ni-B sample, since only one broad peak arouAd=2 that the amorphous structure was thermodynamically
45° was observedl19]. After annealing at 873K in  metastablg¢20] and the as-prepared Ni-Fe-B may un-
N2 for 2h, the original broad peak disappeared and dergo a crystallization together with a decomposition
several diffractional peaks corresponding to the crys- at high temperature. The weak peaks corresponding

o ® Crystalline Ni,B alloy

0 Metallic Ni

¥ Crystalline Ni-Fe-B alloy
A Crystalline Fe,B alloy

V Crystalline Ni-Fe alloy

20 40 60 80
20/degree

Fig. 2. XRD patterns of the Ni-Fe-B-5 samplgst = 0.51) treated at different temperatures: (a) as-received; (b) after annealing at 573K
for 2h in N, flow; (c) after annealing at 873K for 2 h in\flow.
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Fig. 3. SAED pictures of (a) the fresh Ni-Fe-B-5 sample and (b) the Ni-Fe-B-5 sample after annealing at 873K for 2 fioiv. N

to the Fe phases suggested that these Fe species werdie amorphous structure, possibly due to the effective
highly dispersed. The amorphous characteristics of inhibition of the migration and gathering of catalyst
the as-prepared Ni-Fe-B catalysts could be further particles, which were essential for the crystallization
confirmed by SAED, which displayed various diffrac- of amorphous alloy§22,23].

tional cycles characteristic of the amorphous structure  Fig. 5shows the XPS spectra of the Ni-Fe-B amor-
[21] for the fresh Ni-Fe-B sample and only some phous alloy in Nyp, Fep and Bis levels, respec-
bright points after being treated at 873K for 2h, as tively. One can see that almost all the Ni species were
shown inFig. 3. The DSC analysis, as shownFig. 4, present in the metallic state corresponding to the bind-
demonstrated that the crystallization temperatiieg ( ing energy of 852.7 e\24]. However, the Fe species
strongly depended ogre. The T¢ increased rapidly  were present in both the metallic state and the oxi-
with the increase okre, as summarized iTable 1, dized state (F#3) corresponding to BE of 707.1 and
showing the stabilizing effect of the Fe-dopant on 711.2eV, respectivel25]. Such FeOs species could

Table 1
Structural properties of the as-prepared Ni-Fe-B amorphous catalysts
Catalysts Composition (at.%) xre? (molar ratio) SseT (M2/g) TP (K) Ni K-edge EXAFS in first shell
I\ Rd o®
Ni-B Ni722B278 0 27.2 341 8.6 2.45 0.0064
Ni-Fe-B-1 Nig41FergBog1 0.11 27.5 344 8.6 2.44 0.0067
Ni-Fe-B-2 Nigo.aFe115B2g1 0.16 29.4 378 8.2 2.46 0.0072
Ni-Fe-B-3 N'L:,e_5Fel5A5Bzg.0 0.21 30.2 422 - - -
Ni-Fe-B-4 Nis37Feig9B2ga 0.26 32.1 465 — - -
Ni-Fe-B-5 Niz4.1Fe360B299 0.51 32.9 556 7.2 2.45 0.0084
Ni-Fe-B-6 Nb31Fesg1Bogs 0.68 34.1 589 - - -
Ni-Fe-B-7 Nir73F6544B2s3 0.76 35.6 611 6.4 2.44 0.0073
Ni-Fe-B-8 Nir42F6s580B27.8 0.80 37.6 626 6.3 2.43 0.0066
Fe-B Fe30B270 1.0 41.3 705 - - -

aFe/(Ni+ Fe) molar ratio.

b Crystallization temperature obtained by DSC analysis.
®N: coordination number.

dR: interatomic distance (A).

€o: D-W factor (nm).
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Fig. 4. DSC curves of: (a) Ni-B; (b) Ni-Fe-B-2; (c) Ni-Fe-B-4; (d)
Ni-Fe-B-5; (e) Ni-Fe-B-8; and (f) Fe-B samples obtained under
the same preparation conditions.
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be effectively removed when the sample was treated

with dilute ammonia solution. However, the Asput- B s 188.0 oV 1925 eV
tering could not remove these f&&; species, showing
that they were not produced from the surface oxida-
tion. The FeO3 species may be formed via the hydrol-
ysis of FET ions taking into account that the KBH
solution containing 0.2M NaOH was strongly alka-
line. Similarly, the B species were also present in two
states, the alloying B and the oxidized By(®s) corre-
sponding to BE values of 188.0 and 192.5 eV, respec-
tively [24]. The BE of the alloying B positively shifted
by 0.9 eV in comparison with the standard BE of the
pure B (187.1eV]24]. Similarly, by comparing with
the standard BE of pure Fe metal (706.6 ¢%3], it Fig. 5. XPS spectra of the Ni-Fe-B-5 amorphous alloy catalyst in
was also found that the metallic Fe in the Ni-Fe-B sam- Ni2Ps2, Fe2R)2, and Bs levels, respectively.

ple shifted positively by 0.5 eV. These results demon-

strated that partial electrons transferred from both Fe

and B to Ni in the Ni-Fe-B amorphous alloy, i.e. the al- ied [15,26—-31] while, by using soft X-ray appear-
loying B and metallic Fe were electron-deficient while ance potential spectroscopy, Chouresia and Chopra
the metallic Ni was electron-enriched. The electronic also confirmed the electron transfer from Fe to Ni
interaction between the alloying B and the metallic in the Ni-Fe alloy[32]. In our previous paperg4],

Ni in the Ni-B amorphous alloy has been well stud- we reported that, because of the larger size of Ni

185 190 195 200
Binding Energy/eV
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Fig. 6. SEM morphologies of (a) the fresh Ni-B and (b) the fresh

Ni-Fe-B-5 samples obtained under the same preparation conditions.

atom than that of B, the BE of the metallic Ni in

the Ni-B amorphous alloy remained almost unchanged
comparing to the standard BE value of the pure Ni
metal (853.1eV) even though B donated partial elec-
trons. However, significant BE shift of the metallic

Ni (ca. 0.4eV) was observed in the Ni-Fe-B sample,
showing that the Ni atom got more electrons since

the Fe-dopant donated additional electrons besides the

alloying B.

Table 1shows the effect of the Fe-dopant on the
physical properties of the as-prepared Ni-Fe-B amor-
phous catalysts. The change)gf had very little in-
fluence on the boron content. However, the surface
area (BET) of the Ni-Fe-B sample increased consid-
erably with the increase ofre, Which was mainly
attributed to the decrease in the particle size owing
to the dispersing effect of the F®3 support. This
was strongly supported by the SEM morphologies, as
shown inFig. 6. Based on the calculations from the
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Ni K-edge EXAFS data, it was found that the change
of xre had no significant effect on the inter-atomic
distance R). However, the coordination numbeX)(
decreased with the increase yfe, showing that the

Ni active sites became more highly unsaturated ow-
ing to decrease in the particle size. The D-W factor
(o), which represents the disordering term in the near-
est neighbors, first increased and then decreased with
the increase ofre. The maximumo was obtained

at xre = 0.51, showing that the presence of suitable
amount of the Fe-dopant may favor the homogeneous
distribution of the Ni active sitef26].

At extremely low contentfre < 0.11), no signifi-
cant effect of the Fe-dopant on both the structural and
electronic characteristics of the as-prepared Ni-Fe-B
amorphous catalyst was observed. A possible explana-
tion is that, at extremely low content, these Fe atoms
were mainly present as isolated atoms in the Ni lattice
rather than as the alloying Fe with [83].

Figs. 7 and &how the dependence of the FFR con-
version, the selectivity to FFA, and the Ridn xge,
from which the following results could be obtained:

1. Effect the Fe-dopant on the activity. With the in-
crease ofyre, the activity of Ni-Fe-B amorphous
catalysts first increased and then decreased. The
maximum activity was obtained ake = 0.51. As
the Fe-B amorphous alloy itself was inactive for
the FFR hydrogenation, one might conclude that
only the metallic Ni served as the active site in the
Ni-Fe-B amorphous alloy and the Fe-dopant served
as a promoter. As discussed above, the addition of
very small amount of the Fe-dopantet < 0.11)
had no significant effect on both the structural and
the electronic characteristics of the Ni-Fe-B cata-
lyst. Thus, the promoting effect of the Fe-dopant at
such a low content could be attributed to the pres-
ence of isolated Fe atoms in the Ni lattice. Yadav
and Kharkard33] found that, the Fe atoms in the
Ni lattice were more active than the Ni atoms. At
xre from 0.11 to 0.51, the promoting effect of the
Fe-dopant may be accounted by considering the
presence of both the metallic Fe and the®g
Concerning the role of the metallic Fe, the afore-
mentioned XPS spectra revealed that the metallic
Fe donated partial electrons to Ni similar to that of
the alloying B. On one hand, the electron-deficient
Fe could attract the oxygen in the carbonyl group
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Fig. 7. Dependence of the FFR conversidn)(and the selectivity to FFA@®) on the Fe-contentxge) during the liquid phase FFR

hydrogenation over the Ni-Fe-B amorphous alloy catalysts. Reaction conditions: 10ml FFR, 30ml EtOH, 1.0g cataly3f73K,
Py,= 1.0MPa, stirring rate= 1000 rpm, reaction time= 4 h.
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Fig. 8. Effect of the Fe-conteniyfe) on the specific activity of the Ni-Fe-B amorphous alloy catalysts in the liquid phase hydrogenation
of FFR. Reaction conditions are given kig. 7.

via a side-bond interactiof84—36] as shown in
the following model, which might weaken and ac-
tivate the GO bondw-complexed to the Ni atom
and in turn promote the hydrogenation of the@
bond.
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On the other hand, according to the studies on the
CO adsorption on transition metd8v,38], the pri-
mary interactions are the forward donation from
the highest occupied molecular orbital (HOMO) of
C=0, i.e. from & to the surface d and s states,
and the back donation from metal-d,. to the
lowest unoccupied molecular orbital (LUMO) of
C=0, i.e. Zr*. As 2r* is an antibonding orbital, in-

creased back donation from the metal could weaken 3.

the G=0 bond and thus, favors the dissociation of
the G=O bond. Since the metallic Ni was more
electron-enriched in the presence of the Fe-dopant,
the Ni active sites became more electrons would
back donate from Ni to2* of the G=O bond which
also facilitated the hydrogenation of=O bond.
Concerning the role of E©j3, it is well known that

the affinity of the F&t for the oxygen in the car-
bonyl group might also activate the=O bond[39].
Meanwhile, the FgO3 could serve as a support that
enhanced the surface area, created the more highly
unsaturated Ni active sites and also promoted the
more homogeneous distribution of these Ni active
sites, as shown imable 1 All these factors were fa-
vorable for the hydrogenation activif¥3]. At very
large concentration of the Fe-dopant, the activity
decreased again since too many surface Ni active
sites would be covered by the inactive Fe species.
. Effect of the Fe-dopant on the selectivity. Under
the present conditions, the main byproduct was
determined as tetrahydrofurfural (HFFR), resulting
from the competitive hydrogenation of the furan
ring, as shown in the above reaction route. Addition
of small amount of the Fe-dopantgee < 0.11)
may facilitate the formation of HFFR, resulting in
an abrupt drop in the selectivity to FFA. This could
be attributed to presence of the isolated Fe atoms
existed in the Ni lattice. They were so active that
both the GO group and the furan ring could be hy-
drogenated24]. Whenxge further increased, the
selectivity to FFA regained and increased rapidly
up to 100% atyre = 0.16. Besides the coverage
of the isolated Fe atoms originally existed in the
Ni-lattice, the promoting effect of the Fe-dopant
on the selectivity could be mainly attributed to

both the metallic Fe and E©®s. As discussed 4.

above, both the electron-deficient Fe atoms and
the F€*+ species could activate the=O bond via
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group. Meanwhile, the more electron-enriched Ni
atoms could also activate the=O bond due to the
more back donation of the electrons from the Ni
atom to the &* antibonding orbitals of the €0
group. Thus, with the increase gfe, the hydro-
genation of the €0 group became easier than that
of the furan ring, resulting in the higher selectivity
to FFA.

Effect of the alloying boron on the catalytic behav-
iors. In our previous papgd0], the catalytic be-
haviors of both the Ni-B amorphous alloy catalyst
prepared from the reduction of &i with KBH4
and the Ni powder catalyst obtained from the re-
duction of NPt with NH,NH, were investigated

in details during the liquid phase FFR hydrogena-
tion. The Ni-B amorphous alloy catalyst exhibited
much higher activity and better selectivity to FFA
than the Ni powder catalyst, showing the promot-
ing effect of the alloying B on both the activity
and selectivity to FFA which could be understood
by considering both the structural effect and elec-
tronic effect. Briefly, concerning the structural ef-
fect, the presence of the alloying B resulted in the
amorphous alloy in the Ni-B catalyst while only
the crystalline structure was obtained without the
alloying B, as determined in the Ni powder cata-
lyst. It has been widely accepted that such amor-
phous alloy structure was favorable for both the
activity and selectivity and even the sulfur resis-
tance in many hydrogenation reactions owing to
the stronger synergistic effect between active sites,
the more highly unsaturated active sites, and the
more homogeneous distribution of these active sites
[13,26] Regarding the electronic effect, the XPS
spectra revealed that there was strong electronic in-
teraction between metallic Ni and the alloying B,
in which the alloying B donated partial electrons to
metallic Ni, making Ni electron-enriched, just sim-
ilar to the metallic Fe in the present Ni-Fe-B amor-
phous alloy catalyst. Thus, the promoting effect of
the alloying B could be explained in the similar
way to that of the metallic Fe as discussed above.

Conclusions

At suitable content of the Fe-dopanggt), the

a side-bond adsorption of the oxygen in carbonyl Fe-doped Ni-B amorphous alloy catalyst exhibited
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higher activity and better selectivity to FFA during the
liquid phase FFR hydrogenation. The optimyge
was determined as 0.51. The promoting effect of the
Fe-dopant on the selectivity to FFA could be mainly
attributed to the activation of theX®© bond by both
the electron-deficient Fe and the3fe Meanwhile,
the electron-enrichment of the Ni active sites could
also weaken the €0 bond by a back donation of
electrons to the antibonding orbitalt?) of the car-
bonyl group. Such electronic effect, together with the
dispersing effect of the KE®s3, could also explain the
promotion of the Fe-dopant on the hydrogenation ac-
tivity. Very low content of the Fe-dopangfe < 0.11)
was harmful for the selectivity to FFA because the
isolated Fe atoms existed in the Ni lattice so active
that both the carbonyl group and the furan ring could
be hydrogenated. Meanwhile, very high content of
the Fe-dopant)re > 0.51) was harmful for the ac-
tivity because too many Ni active sites are covered
by the inactive Fe and E©s species. The maxi-
mum FFA vyield (100%) could be obtained over the
Ni-Fe-B amorphous alloy catalyst witfre = 0.51
after reaction for 4 h under the present conditions.
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