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Abstract: Catalyst design is critical for renewable selective hydrogenation of fatty
acids into alkane or alcohol, especially for active metal and support. We demonstrate
NiCu anchored on TiO» (P25) surface, prepared by the impregnation method, performed
superior temperature-sensitive catalytic activities with a higher fatty alcohol yield of
78.2% (205°C, 4 MPa H» and 12 h), and alkane yield of 85.0% (245°C, 3 MPa H» and
6h), respectively. X-ray photoelectron spectroscopy (XPS) and density functional
theory (DFT) suggest that Ni or NiCu anchored on oxygen vacancies rutile can achieve
reversal charge transfer between metal and TiO» support. Especially the normal NiCu
cluster loading on rutile surface can improve the dispersion of NiCu cluster and oxygen
vacancy concentration. Thus, more NiCu clusters anchored on oxygen deficiency can

obtain negative charges in favor of alcohol production. In contrast, the other active
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NiCu clusters will preferentially cleavage the C—C bond to produce alkane under a
higher reaction temperature. Our work provides a new strategy for designing highly

effective hydrogenation catalysts.

Keywords: hydrogenation, diesel-like alkanes, fatty alcohol, electron density, DFT

calculation.

Synopsis: Bio-derived fatty acid conversion into diesel-like alkane or chemical fatty

alcohol can improve it sustainability and value.

INTRODUCTION

In the context of international carbon neutrality and carbon peaking, the limited
availability of fossil raw materials for fuel and chemical production, supply dependence,
and related environmental issues has facilitated the use of biomass-based resources' 2.
As we all know, biomass materials such as animal fats, vegetable oils and waste oils,
mainly composed of triglycerides and fatty acids, with a molecular structure similar to
petroleum oil, can be converted to renewable diesel-like alkanes and high-valuable fatty
alcohols®. Moreover, the transformed alkane or alcohol utilized can significantly meet
the requirement of carbon neutrality rules.

It is reported that the hydrogenation process was a primary conversion method for
the bio-derived fatty acids transforming into an alkane. In earlier research, traditional
NiMoS and CoMoS catalysts were used in the catalytic hydrodeoxygenation process.
Yet, sulfur pollution or sulfur leaching limits their utilization*. Then, metal-based
phosphide/nitride/carbide catalysts also used in the hydrogenation conversion, such as
NiP, Mo>C/N and NiC, which can effectively convert the fatty acid into alkanes®.
However, the catalyst prepared method always needed a harsh preparation process,
making it challenging to achieve industrialization. After that, the noble metals catalysts
with great activity and durability also have been reported in this field. But the high cost

of the noble metal undoubtedly limits its application®. Hence, a cost-efferent and sulfur-
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free catalyst has attracted extensive attention, such as transition metals and alloys.
Especially Ni-based catalysts, due to the low-cost Ni metal, show remarkable hydrogen
dissociation activity, which can perform excellent reaction activity in fatty acid
conversion’.

It is commonly known that the hydrogenation conversion of fatty acids into alkane
is mainly carried out through hydrodeoxygenation, decarbonylation, and
decarboxylation three processes, which are removed the O atom as the form of H>O,
CO and CO», respectively ®. Among these, it was found that fatty alcohols can be
detected as an essential intermediate during the hydrodeoxygenation processes. Thus,
the production of high value-added fatty alcohols by stopping the hydrogenation
reaction in the alcohol stage has been attracted growing attention. From the 1930S to
the present, the Adkins-type CuO/CuCr204 catalyst is still applicable to produce fatty
alcohols on an industrial scale, with alcohol yield higher than 90% under the 200-300°C,
20-30 MPa conditions” ' !, However, the environmentally unfriendly Cr-based
catalyst and harsh reaction conditions actuate the research towards a new type of
catalyst. Various noble-metal catalysts, such as Ru, Rh, Re, Pd and Pt !> 131415 have
been applied to achieve high yield fatty alcohol production under a mild reaction
condition, 130-150°C, 2 MPa H; pressure. For example, Hardacre et al. '® have found
that, under 130°C and 2 MPa H>, the acid conversion and selectively to alcohol reach
82% and 93% over the Pt/TiO; catalyst, respectively. Additionally, a Pd/Re/C catalyst
was realized to carboxylic acids for the selective preparation of either alcohol (130°C,
2 MPa) or the alkane (160°C, 3 MPa)!’. Although the noble-metal catalysts show
outstanding activity for fatty alcohols production, a cost-effective and environment-
friendly catalyst to replace the noble metal should be investigated without delay.

At present, Cu-based catalysts are still a research hotspot due to the high selectivity
to fatty alcohols!'®. Generally, another metal, such as Zn, Fe and In was added to modify
the catalyst activity'® !> 8 It is reported that the ally or intermetallic compound can
provide react sites for active Ha, adsorb ester group or prevent the hydrogenation

reaction from staying in the stage of the alcohol. For example, Kapil Kandel et al'®,
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reported that fatty acids could be converted into alcohols over CuFeOy/Si0; catalyst
under moderate conditions (180°C,3 MPa Hb»). It was proposed that copper could be H»
activation site and iron oxide could bind and activate the carboxylic acid, in which the
acid could be converted into alcohol with a yield reaching 95%. In addition, In was
used to modify Cu to form Culn alloy, which can suppress the dehydration reaction for
enhancing the selectivity of alcohols'®. On the other hand, Ni-based catalyst has also
been investigated due to its higher hydrogenation activity and resistance to sintering.
But the Ni metal is more active in deoxygenation and C-C bond cracking, which can
produce undesirable alkane products. Therefore, the over hydrogenation reaction can
be inhibited by modifying another metal (In or Fe) or appropriate metal oxide'®%°. Such
as the NiFe alloy oxide catalyst can provide the steric hindrance of lattice oxygen to
inhibit the further conversion of alcohol, which can reach 100% conversion and 90%
selectivity for lauric acid converted to lauryl alcohol’. Inspire by these foundings, we
think the Ni and Cu combination could be a good candidate for the alcohol production.

Besides the active metal site, the support also participates in the reaction as an
important role. The supports include active carbon, Al,O3, ZrOz, SiO; and Ti0,!%!% 1>
21 and their major factor, including Lewis sites, oxygen vacancy and crystal structure
can effect the hydrogenation conversion. Besides, the synergistic effect between the
support and metal active site can promote the desired reaction for alcohol or Cy.1/Cy
alkane production '* %22 As we all know, the catalyst activity is highly influenced by
their electronic states, including the electron gain and loss between metal site and
support and the electron state of the metal site. For example, Jun Ni et al'. prepare
different crystal phases ZrO; with rich oxygen vacancy to carrier the Ni metal for fatty
acid conversion. They found that the higher excess electron density Ni metal can
promote fatty alcohol production, and the Ni metals with approximate excess electron
density are more likelihood to produce alkanes. Thus, a research strategy that can
achieve selective production of fatty alcohols and alkanes from fatty acids by studying
the structural states of support and the electronic status of active metals.

This paper demonstrates that introducing Cu in the NiCu can increase the metal
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dispersion and oxygen vacancy concentration. The normal NiCu cluster anchored on
oxygen vacancies can change the electron density. Especially, rutile as the support can
induce a unique effect, reversed charge transfer between metal and rutile support. Thus,
a more negative charge exhibited in the NiCu/TiO> system promotes fatty acids
hydrogenation to produce the fatty alcohol. In contrast, it cleaves the C-C bond to
produce alkane under a higher temperature condition. The electronic transfer is also
confirmed by XPS and DFT calculations. Our work provides an insight into the
temperature-sensitive catalyst design, which effect by metal clusters and the support,
for selective hydrogenation of fatty acid into alcohol or alkane.
EXPERIMENTAL SECTION
Materials

Ni(NO3)2:6H20 and Cu(NOs3)2-6H>O are obtained from Macklin (Shanghai,
China), with the purity of 98.0% and 98.5%, respectively. TiO2(P25) with the anatase:
rutile=8:2 and was purchased from Degussa. SBA-15 with a pore size between 6-11nm
and a specific surface area between 550-600 m?/g was purchased from
XFNAO,INL(Nanjing, China). Nano ZrO> (purity, 99.99%) and SiO: (specific surface
area of 200 m?/g) were purchased from Aladdin (Shanghai, China), with pore size <100
nm. HZSM-5 with a specific surface area of 365 m?/g was purchased from Nankai
university Catalyst., Co., Itd. Nano anatase (purity, 99.8% and pore size= 25 nm), Nano
rutile (purity, 99.8% and pore size= 25 nm) and Nano Al,Os (purity, 99.99% and pore
size=10 nm) were purchased from Macklin (Shanghai, China). Solvent cyclohexane
(AR, 99.5%) was also obtained from Macklin (Shanghai, China). All the materials and
chemicals were used with no further purification.
Catalyst preparation

In this work, a series of catalysts were prepared by three different methods,
including impregnation (IM), coprecipitation (CP) and hydrothermal (HT) methods.

The specific preparation procedures are shown in Scheme 1 and supporting information.
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Scheme 1. The procedure of preparing various hydrogenation catalysts by three
different methods.

Characterizations

X-ray diffraction (XRD) patterns were collected on a D8 FOCUS (Bruker
Company, Germany) X-ray diffractometer was recorded from 26=10-80° and the
instrument using the Cu-Ka (A=0.15418 nm) radiation as the X-ray source at 40kV and
100mA. X-ray photoelectron spectra (XPS) were acquired on the ESCALAB 250 X-
ray instrument, the XPS instrument using an Al-Ka source (hv=1486.6 eV) as the X-
ray source. During deconvolution, the XPS data were corrected with Cls (284.48 eV),
and the Gaussian type was applied. Transmission electron microscopy (TEM) and
mapping images of all NiCui.1-TiO2> were performed on FEI-TF20 electron microscopy
with an operating voltage of 200kV. Electron paramagnetic resonance (EPR) spectra
were performed on a Bruker EMXPlus EPR spectrometer recorded at 77 K using a 9.65
GHz operating frequency. Temperature-programmed reduction (Hz-TPR) was
performed on an AUTO CHEM 2920 apparatus. And the detailed operating procedures:
the catalyst sample was added to a quartz reactor and reduced in a mixture Hz-Ar gas
with the flow of 50 mL/min with a temperature rate of 10°C/min until 800°C. N>
adsorption-desorption isotherms of the catalysts were recorded on Micrometric ASAP
2020 instrument. Specific surface area and pore volume/average pore diameter were
calculated by Brunauer-Emmett-Teller (BET) method and Barrett-Joyner-Halenda
(BJH) method, respectively. NH3 temperature-programmed desorption (NH3-TPD) and
CO-pulse chemisorption were measured on the AUTO CHEM 2920 instrument, and
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their detail detailed operating procedures can be found in Supporting Information. The
actual loading of all Ni or Cu was determined by inductively coupled plasma Optical
Emission and Mass Spectrometer (ICP-MS) on Agilent 720ES (the results are listed in
Table 1and Table S1).

Table.1 Properties of Ni, Cu and NiCu catalysts.

Metal content  Crystallite CcO Ni
o s . SgET Vp dp ) .
Catalyst (Wt%) size (nm) uptake  dispersion
; (m*g)°  (cm*g)* (nm)°

Ni Cu TEMP (umol/g)¢ (%)¢
IM-Ni/TiO> 9.18 - 14.3 52.3 0.13 205.2 49.9 2.93

IM-Cu/TiO; - 7.45 18.1 58.2 0.16 217.5 2.94 -
IM-NiCWTiO, 776 5.84 13.7 459 010 2268 547 1.61

a: Measured by ICP-MS.
b: Obtained from TME images.
¢: Obtained by BET data.
d: Measured by CO-pulse chemisorption
Hydrogenation reaction and product analysis

The tests of Ni and NiCu catalysts for selective hydrogenation of fatty acid were
carried out in a 50 mL autoclave reactor. Typically, reduced catalyst (0.03 g), fatty acid
(0.1 g) and 10 mL cyclohexane as solvent were added into the autoclave reactor. The
autoclave reactor was purged Ho five times to remove the air and then pressurized 3-4.5
MPa H; before the reaction. And then, the autoclave was heated from ambient
temperature to 205-260°C with a desired heating rate. After the reaction, cool down the
reactor to room temperature and collect the liquid product. And undecane as the internal
standard for quantitative calculation. Finally, the liquid product was quantitative using
gas chromatography (GC, Agilent 7890A/5975C) and qualitative using gas
chromatography-mass spectrometry (GC-MS, Agilent 6890/5973N). The GC and GC-
MS test program is as follows: the vaporization chamber temperature was 280°C, the
chromatographic column temperature was 150°C, and the detector temperature was
280°C. The oven temperature was firstly held at 150°C for 2 min and then increased to
280°C at a heating rate of 10°C/min, and then kept for 10 min at 280°C. All catalytic

conversion experiments were repeated more than two times, and the data error was
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within an acceptable range of less than 5%.
The conversion rate of fatty acid, selectively and yield of products were calculated

as follows formula:

Conversion (%) _ (1 . m(feeddstock after reaction) ) X % [1]

m(feeddstock before reaction)

m(product)

Selectively(%) =

X % [2]

m (total products)

m(product)

Yield (%) =

X % [3]

m (feedstock before reaction)
DFT calculations

The density functional theory (DFT) was carried out by the Vienna Ab Initio
Simulation Package (VASP)?. The general gradient approximation Perdew-Burke-
Ernzerho (GGA-PBE) functional described the exchange and correlation energy?*.
Valence electrons were calculated on the plane-wave basis with a cutoff energy = 450
eV with a single Gamma-point only for Brillouin zone. And during the structure
calculation, the convergence criteria for self-consistent calculation =10 eV, and the
convergence threshold for forces <0.05 eV. GGA+U method was used for all
calculations, the coulomb correlation interaction of Ti (Ueff=4.0 ¢V) and Ni (Ueff=3.8
eV) was used for 3d orbit for accurate accuracy calculation?. The adsorption energy
(Eaq) of the Ni and NiCu cluster on TiO; surface was calculated as follows:

Ead= E (N1/Ti02) — E(N1) — E(Ti02) [4]
Eaa= E (NiCu/Ti0Oz) — E(NiCu) — E(TiOz) [5]

Both the rutile: a P(3%1) TiO2 (110), and anatase: a P(1x3) TiO2 (101) slabs are with 3
O-Ti-O tri-layer were built, 15 A of vacuum and 3x3x1 k-point mesh were used, the
bottom layer was fixed and the rest were allowed to relax.
Results & Discussion
Catalyst characterizations

XRD patterns of the TiO2 support Ni, Cu and NiCu catalysts are shown in Figure
1, the intensive diffraction peaks at 20 = 28.25, 37.80, 48.05, 53.89, 55.06 and 62.69°
are the crystalline phases of anatase (JCPDS 21-1272), and the 20 =27.45, 36.09, 41.23,
54.23 and 69.00° are representing the crystalline phases of rutile (JCPDS 21-1276),
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which are observed from the calcined and reduced catalysts. As we can see from Figure
la, which were the XRD patterns of the calcined catalysts, the diffraction peaks of CuO
(26 = 35.50, 38.73°, JCPDS 45-0973) and NiO (206 = 37.25, 43.28, 62.88° JCPDS 47-
1049) were weakly on the monometallic Ni of Cu catalyst, indicating good dispersion
of the small NiO and CuO clusters on the TiO surface. And in contrast, the NiCu
catalyst exhibited obvious peaks of the crystal phase of CuO and NiO, suggesting that
the interaction between the NiO and CuO exists. Additionally, the crystalline phases of
TiO> were weakened, indicating Ni-O-Cu was formed and the NiCu is highly dispersion
on the surface.

Interestingly, compared to the XRD patterns of the three reduced catalysts in
Figure 1b, the monometallic Cu/TiO, shows no Cu’ (JCPDS 04-0836) XRD peaks,
confirming the Cu highly dispersion on the surface. Yet, as for monometallic Ni/TiO:
catalyst, it shows obvious peaks at 20 =44.51, 51.85° (JCPDS 04-0850), which belong
to the (111) and (200) reflections of the Ni metal, respectively. For the NiCu/TiO:
reduced catalyst, it is noted that the XRD peak at the 26 = 44.50° is sharper and more
intense compared with the monometallic catalysts. Besides this, the typical anatase and
rutile crystal phase peaks of the NiCu.1/TiO» catalyst are weakened, indicating that the
Cu metals can promote the dispersion of Ni metals. What's more, the metal dispersion
also can be effect by the Ni/Cu ratio. As Figure S1 shows, the Ni/Cu ratio greatly
influences the crystal phase peaks of the TiO2, the catalyst whose ratio is nearly Ni/Cu

=1:1 with a higher dispersion NiCu cluster.

—IMNiGwTiO, ~ ——IM<wTio, | b —— IMNICWTiO, ~ —— IM-CWTiO,
IMINITIO, —TiO, IMINITIO, —TiO,

B e B S
|Anatase | Rutile |NiO | CuO [Anatase | Rutile |N®  C°
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20 40 60 80 20 40 60 80
20(degree) 20(degree)

Intensity (a.u.)
Intensity (a.u.)

Figure 1. XRD patterns of the calcined catalysts (a) and reduced catalysts (b).
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XPS was used to characterize the Ni, Cu, O and Ti oxidation state of the Ni, Cu
and NiCu catalysts, and the result is shown in Figure 2 a-d. As we can see from Figure
2a, the Ni main peaks including Ni’2psn, Ni*2ps» and Ni®?"2pi», and the main
corresponding Ni peaks of Ni/TiO> are located as 852.2, 855.7 and 873.5 eV,
respectively?®. And a large peak area of NiO observed in the Ni 2ps.2 spectra is higher
than the Ni® 2ps/» spectra, which is attributed to the catalyst could be oxidation before
their test in the XPS instrument. And although the binding energy (BE) of the Ni® 2p3
peak has a slight shift, the shoulder width of the Ni characteristic peaks has a significant
change compared to the Ni and NiCu catalyst, which is due to the interaction between
the Cu and Ni metal. In addition, the shift in BEs when comparing the Cu characteristic
peaks between the Ni/TiO2 and NiCu/TiO; catalysts, combining Ni and Cu into the
system shifted the Cu® 2ps/» maxima from 932.4 to 932.8 eV and the Cu** 2ps» peaks
shifted from 933.6 to 934.3 eV, also demonstrating an interaction between the Ni and
Cu metal.

XPS analysis was further performed to investigate the chemical states of the O and
Ti in catalysts to evidence the existence of the oxygen vacancies (Oys), shown in Figures
2 ¢ and d. Figure 2 c shows the Ols spectra of the catalysts, which are deconvoluted
into three signal peaks attributing the Ti**-O (lattice oxygen), Ti**-OH/-OH (hydroxyl
group) and H2Oa.4s/ Ti**-O (Ous or chemisorbed water), at the BEs approximately of
529.8, 530.5 and 532.0 eV2"- 2, It is noted that a higher proportion of H2Oaas/ Ti**-O
(29.6%) are found on the surface of the NiCu catalyst compared to the N1/TiO2 (20.6%)
and Cu/TiO2 (23.0%), detailed data are shown in Table S2. And Ti**-OH/-OH is similar
to H20a4s with a proportion of 21.8%, which is higher than that Ni/TiO; (18.5%) and
Cu/TiO2 (19.4%). As we know, the H>O is more likely to adsorb onto the Oys sites and
then convert into -OH?’. Therefore, the high proportion of HxOaas/ Ti**-O and Ti**-
OH/-OH indicates that the highly concentrated Oys exist on the NiCu/TiO> catalyst
surface?®. And the Ti 2p spectrum exhibits four contributions Ti** P32, Ti*' P32, Ti*" P12
and Ti*' Pip, resulting from the spin-orbit-splitting, which is located at approximately

458.4,458.8, 464.0 and 464.6 eV, respectively (Figure 2d). The Ti 2P peaks of Ni/TiO>
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and Cu/TiO> are lower than the peaks of NiCu/TiO,, indicating more pronounced
charge transfers from TiO; slab to NiCu cluster in NiCu/TiO2 catalyst. The following

Bader calculation was also performed to probe the surface charge of the cluster and slab.
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Figure 2. XPS spectra of Ni 2p (a), Cu 2p(b), O 1s (c) and Ti 2p (d) of reduce

catalysts.

TEM and mapping were carried out to investigate the distributions and the particle
sizes of the Ni, Cu and NiCu clusters on the TiO; surface, the results are shown in
Figure 3. Many Ni and Cu particles were observed for the Ni/TiOz (Figure 3 A1) and
Cu/TiO2 (Figure3 B1), with an average size of ~14.3 nm and ~18.1 nm, respectively.
The TEM results demonstrate that monometallic Ni or Cu and NiCu cluster were
successfully dispersed on the TiO surface. In contrast, weak adsorption energy of the
monometallic Ni or Cu on the slab TiO> makes them easy to agglomerate to form large
particles. Additionally, the NiCu/TiO; catalyst (Figure 3 C1) exhibited a smaller NiCu
particles size of 13.7 nm, indicating the internal interaction of the Ni and Cu metal

promotes the high dispersion and smaller partial size of the NiCu cluster, which is
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consistent with XRD results. In addition, the CO chemisorption was carried out to
measure the surface Ni metal density, and the results are listed in Table 1. As detailed
in Table 1, the Ni/TiO; with a 2.93% Ni metal dispersion and the NiCu/TiO> catalyst
showed a lower Ni metal dispersion of 1.61%, in line with the Ni metal content. But,
the NiCu/TiOz catalyst performance a higher CO uptake value than the Ni/TiO> catalyst,
which also indicates that Ni metal could be active by the Cu metal for a strong
adsorption behavior. And following DFT calculation prove that NiCu cluster has higher
adsorption energy on the TiO; surface, which also explanting the high dispersion and
smaller partial size phenomenon.

And yet, the TEM was also used to verify NiCu cluster formation. As shown in
Figure 3 A2, B2 and C2, a lattice spacing of 0.203 nm were detected, which belongs to
the typical Ni (111). And the TEM image (Figure 1 C2) shows the NiCu/TiO; catalyst
presents the face-centered cubic (FCC) lattice with the interlayer spacing of 0.206 nm,
which match well with the NiCu (111) typical lattice, indicating the NiCu cluster state
truly exist in the NiCu/TiO; catalyst?!:3°. In addition, element mapping under the TEM
mode aims to characterize the element distribution in the catalyst. The elemental
mapping images (Figure 3, third row) showed that Ni and Cu species coexist in the
NiCu/TiO; catalyst. The Ni and Cu are seen to agglomerate to form some small clusters,

indicating the strong interaction between the Ni and Cu metal.
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Figure 3. TEM photographs of the catalysts: IM-Ni/TiO2(A1, A2), IM-Cu/TiO2(B1,
B2) and IM-NiCu/TiO2(C1, C2). And mapping photographs of the IM-NiCu/TiO»
catalyst (third row).

An H»-TPR analysis was carried out on the Ni/TiOz, Cu/TiO; and NiCu/TiO>
catalysts calcined at 450°C before reduction. As shown in Figure 4 a, the Ni/TiO:
exhibited two reduction peaks at 369 and 565°C, the former broad reduction peak has
corresponded to the reduction of NiO species, which has a stronger interaction with
TiOz support. And the latter weak shoulder is attributed to the well dispersed NiO
species having weak interaction with the TiO, support®">*2. In the case of the Cu/TiOx,
it is shown that four reduction peaks were observed at 175, 242, 335 and 541°C, the
lower temperature reduction peak is attributed to the CuOx species. In contrast, 242 and
335°C are assigned to the high dispersed bulk CuO and large CuO species,
respectively’® 3. In addition, the highest reduction peak is similar to Ni/TiO2, which is
attributed to the well dispersed CuO species having weak interaction with the TiO»

support.
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Compared with the monometallic Ni/TiO> and Cu/TiO», the reduction peaks of
NiCu/TiO> catalyst are shifted to a lower temperature, suggesting that the intimate
interaction between Ni and Cu species, the results is consistent with the TEM and the
XPS analyses. For the NiCu/TiO> catalyst, three reduction peaks can be observed at
157, 242 and 366°C, the sharp reduction peak is attributed to the CuOx species, which
is lower than that peak in the Cu/TiO,. The second peak matches the high dispersed
bulk CuO species, which is weakly shifted toward the lower temperature than the
Cu/TiOz catalyst. And the third reduction peak is assigned to the reduction of NiO
species, which significantly shifted to a lower temperature than Ni/TiO; catalyst’! 32,
Interestingly, there have no peaks at the high temperature (541 and 565°C) in the
NiCu/TiO; catalyst. The intimate interaction of Ni and Cu species must enhance the

interaction between the NiCu cluster and TiO» support, which the following adsorption

energies calculation can also provide.
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Figure 4. H>-TPR profiles(a), EPR spectra (b) and NH3-TPD profiles (c) of the IM-
Ni/TiOz, IM-Cu/TiOz and IM-NiCu/TiO: catalysts.

EPR spectra were carried out to detect the presence of Oys, the results are shown
in Figure 4 b, the signal of g=1.98-1.99 attributed to the bulk Ti**, and the signal of
g=2.00-2.01 represent the surface Oys>*. As the EPR curves show, the support TiO is
EPR-silent, the monometallic Ni/TiO> catalyst with a relatively weak EPR signal at
g=1.983, but the monometallic Cu/TiO> without any signal at g=1.983. Compared with
Ni/TiOz catalyst, the NiCu/TiOz catalyst with a weak shifted to g=1.986, indicating that

Ni metal can introduce the Oys into the bulk of TiO during the reduction processes, and
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the Cu can be shifted the signal means the interaction between the Ni and Cu metal.
Additionally, the monometallic Cu/TiO> catalyst shows a strong EPR signal a g=2.003,
suggesting the occurrence of surface Oys species. And both the Ni/TiO2 and NiCu/TiO»
catalyst are shown EPR signal at g=2.004 with the intensity Ni/TiO2 > NiCu/TiOa. The
Cu/TiO; catalyst with a strong surface Oys signal might to the Cu metal migrate Oys
from bulk into the surface. And the NiCu/TiO: catalyst with a weaker Oys signal is a
result of the NiCu cluster most likely adsorption on the surface Oys site, which our DFT
calculation can further demonstrate.

The BET analysis of the Ni, Cu and NiCu catalysts are listed in Table 1 and Table
S3. The results showed that most of the catalysts with Sger =40.0-60.0 m*/g, and the
NiCu anchored on the R-TiO2 with a lower Sper=21.9 m?/g, indicating that the crystal
structure mainly dominated hydrogenation reaction. Additionally, NH3-TPD was also
performed to determine the acid strength of the Ni, Cu and NiCu catalysts. As we all
know, the acid sites were divided into strong (>500°C), medium (250~500°C), and
weak (<250°C) acid sites based on the NH3 adsorption temperature. As shown in Figure
4c, all three catalysts are mainly composed of weak acid sites and a few medium acid
sites. Besides this, the intensity of the three catalysts is as follow: NiCu/TiO>> Ni/TiO>>
Cu/TiO», suggesting that the interaction between the Ni and Cu metal can enhance the

weak acid sites of the NiCu catalyst.

Catalytic performance on the hydrogenation of fatty acids

The catalytic performance of the Ni/TiO2> and NiCu/TiO; catalysts are displayed
in Figure 5. Under the reaction conditions shown in Figure 5 and Table S4, the Ni/TiO»
and NiCu/TiOz catalysts can hydrogenate fatty acid into C17, C1g alkane, and Cig alcohol.
Firstly, fatty acid can be hydrogenation to Cis aldehyde intermediate, then the
intermediate can be decarbonylation to produce Ci7 alkane [that is RCOOH—
RCOH—RH], or the intermediate can be hydrogenation into Cig alcohol [that is
RCOOH—RCOH—RCH20H], it also can be further hydrodehydration into Cig alkane
[that is RCOOH—RCOH—RCH>,OH—RCH3]. As Figure 5 shows, both Ni/TiO, and
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NiCu/TiO; catalysts can select fatty acid hydrogenation into alkane and alcohol. It can
convert fatty acid into Cis and Cy7 alkanes under a higher reaction temperature, and in
contrast, it can produce Cig alcohol under a lower reaction temperature (Figures 5 a and
b). And the NiCu/TiOz catalyst showed higher fatty alcohol production activity than the
Ni/Ti0; catalyst. For example, NiCu/TiO> catalyst showed the Cig alcohol yield of 50.8%
and 41.0% at 215 and 230°C, higher than that of 38.5% and 12.5% of Ni/TiO; catalyst.
And it is also should note that the alcohol can be reacted with unconverted acid into
easter, thus the alcohol yield is an important index in the alcohol production. The above
results indicate that the interaction of Ni and Cu can promote the production of Cis
alcohol.

The influence of reaction conditions on the production of alcohol by NiCu
catalysts was studied with the superior catalyst and the influence of support on the
production reaction was firstly investigated, results are listed in Table S 4-6. It reveals
that TiOz is greatly active in the hydrogenation of fatty acids, probably due to the special
structure between TiO; and NiCu cluster. After that, the alcohol production conditions
were optimized and the results are shown in Figure 5, revealing that the alcohol yield
can reach 78.2% at 205°C, 4 MPa and 12 h.

Additionally, the polymorphic phase influence of TiO2 (A-TiOz and R-TiOz) on
alcohol production was also studied. As shown in Figure 5 d-f, both P25 and R-TiO»
are exhibit greatly catalytic performance toward the production of C18 alcohol. The
highest yield of alcohol is 78.2% by using P25, and it can be reached for 66.6% while
using R-TiO; as support, but which drastically reduced to lower 20% by using A-TiO>
as support. We can attribute this change in catalytic performance to the R-TiO; as
support can reverse charge transfer direction between metal and TiO> support (it can be
supported by following DFT calculation results). Besides this, to be able to the
electronic effect on NiCu catalysts. The catalyst preparation method was also
investigated. As shown in the Figure 5 h-i, a series of NiCu catalysts were used to
convert fatty acid into fatty acid alcohol under 215°C, 6 h and 4 MPa Ha, the results

corroborate that catalyst activity of all kinds of NiCu/R-TiO; is higher than that



Nicu anchored on a specific TiO2 face tunes electron density for selective hydrogenation of fatty acids into alkanes or alcohols

NiCu/A-TiO,, which emphasizes the importance of rutile phases in the hydrogenation

reaction.
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Figure 5. Conversion rate of the fatty acid hydrogenation by different catalysts,
selectively and yield of the Cig, C17 alkane and fatty alcohol for hydrogenation of
fatty acid under the condition: (a): Ni/TiO2, 3 MPa H» and 6 h; (b): NiCu/TiO,, 3 MPa
H> and 6 h; (c): NiCu/TiO2, 205°C and 6 h; (d): NiCu/TiO», 205°C and 4 MPa H»; (¢):
NiCu/A-TiO2, 205°C and 4 MPa Hp; (f): NiCu/R-TiO2, 205°C and 4 MPa H»; (g-i):

215°C, 6 h and 4 MPa H». All the results are based on more than three experiments.

Electronic structures investigation

Electronic structure and chemical states were investigated by XPS and DFT
calculation. As shown in the XPS spectra in Figure 6 a, the Ti 2P of NiCu catalysts can
be decomposed into two pairs of peaks, including Ti*" (~457.9 and ~463.6 eV) and Ti*"
(~458.9 and ~464.6 eV), the lower banding energy Ti** is attributed to the oxygen-
deficient phase of TiO, with reduced Ti. And the Ti** peaks of NiCu/R-TiO2 catalyst
were shifted to lower BE than NiCu/A-TiO: catalyst, which implies a higher
concentration of anionic vacancies on the R-TiO> surface. The Ols spectra of the two
catalysts in Figure 5 b, lower peaks were attributed to the oxygen vacancies, and the
vacancies ratio of the R-TiO> is higher than that A-TiO», which is consistent with the Ti
2p results. Additionally, the Ni 2p and Cu 2p of the two catalysts are shown in Figure 6
¢ and d, the Ni° 2ps,2 peaks of NiCu/R-TiO; catalyst is almost the same as the NiCu/A-
TiO; catalyst. Still, the Cu® 2ps» of NiCu/R-TiO> catalyst can be shifted into lower
banding energy than NiCu/A-TiO; catalyst, indicating that Cu can promote the electron

density change of the NiCu cluster on the R-TiO> surface.
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Figure 6. XPS spectra of Ti 2p (a), O 1s (b), Ni 2p (c) and Cu 2p(d) of IM-NiCu/A-
TiO2 and IM-NiCu/R-TiO; catalysts.

The electron density of Ni and NiCu clusters on the pristine and oxygen-deficient
TiOy, including R-TiO: (rutile)and A-TiO: (anatase), were investigated by DFT
calculation. Eight model systems of Ni and NiCu support pristine and oxygen-deficient
anatase and rutile were studied (Figures 7 and 8). It is found that the stability of NiCu
cluster can be significantly enhanced compared with Ni support on TiO surface due to
all the adsorption energy of NiCu cluster being higher than that of Ni cluster for 2.6-
5.7 eV. Additionally, the electronic property of Ni and NiCu cluster changes on the four
kinds of TiOz. On pristine A-TiO: surface, the Ni and NiCu clusters carried positive
charges of approximately 0.79 and 1.33 eV, and they can carry 0.45 and 0.58 eV positive
charges on pristine R-TiO> surface, respectively. It was reported that the electrons could

transfer from the metal cluster into support owing to the strong metal-support



Nicu anchored on a specific TiO2 face tunes electron density for selective hydrogenation of fatty acids into alkanes or alcohols

interaction®*. However, Ni and NiCu clusters' charges can be decreased while they are
carried by the oxygen-deficient TiO2. On the oxygen-deficient A-TiO> surface, the
electrons of Ni and NiCu clusters could reduce to 0.71 and 0.58 eV, respectively. Even
the Ni and NiCu clusters could carry a negative charge for 0.30 and 0.22 eV. At the
same time, they are supported by oxygen-deficient R-TiO», which indicates that
electrons initially trapped in the oxygen vacancies partially transfer to the Ni and NiCu
clusters. What's more, the electrons reversal between cluster and support was carried
out in the oxygen-deficient R-TiO; system, leading to the Ni and NiCu clusters

becoming negatively charged.

Figure 7. Structure and electron density of a Ni and NiCu cluster supported on anatase
surface (a)-(d): (a) Ni clusters connected to pristine anatase via O atom; (b) NiCu
clusters connected directly to pristine anatase via O atom; (c) Electron density
distribution of (a); (d) Electron density distribution of (b). (e) Ni clusters connected to
oxygen-deficient anatase; (b) NiCu clusters connected directly to oxygen-deficient
anatase; (g) Electron density distribution of (e); (h) Electron density distribution of
()Blue, Ni; Red, O; Orange, Cu; gray, Ti;

Turquoise, positive charge; Yellow, negative charge.
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Figure. 8. Structure and electron density of a Ni and NiCu cluster supported on rutile
surface (a)-(d): (a) Ni clusters connected to pristine anatase via O atom; (b) NiCu
clusters connected directly to pristine rutile via O atom; (c) Electron density
distribution of (a); (d) Electron density distribution of (b). (e) Ni clusters connected to
oxygen-deficient rutile; (b) NiCu clusters connected directly to oxygen-deficient
rutile; (g) Electron density distribution of (e); (h) Electron density distribution of
()Blue, Ni; Red, O; Orange, Cu; gray, Ti;

Turquoise, positive charge; Yellow, negative charge.

Hydrogenation reaction mechanism

Based on the characterization, tests results, experiment data and DFT calculations,
we proposed the NiCu/TiO: catalytic reaction mechanism. As shown in Scheme 2,
active sites were composite by the metal and oxygen vacancies, the carboxylic acid
group of the fatty acid is usually adsorbed on the oxygen vacancy and then undergoes
the hydrodeoxygenation reaction to formation of the intermediate-aldehyde (Scheme
2a Pathl). After that, the aldehyde conversion into alcohol via hydrogenation (Scheme
2a Path1-2), or alkane via decarbonylation (Scheme 2a Path1-1). In this work, the XPS
and DFT calculations demonstrate that part of the NiCu clusters, anchored on rutile
surface oxygen vacancies, will carry the negative charge. Thus, the negative NiCu and
positive Ti formation of the active site is denoted as M™-Oy-Ti"(M=NiCu cluster),

leading NiCu cluster with the higher capability to heterolysis H» to produce H"-M™-Oy-
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Ti*-H active species. Therefore, higher alcohol yield can be obtained due to the higher
H"-M™-O,-Ti'-H™ active species density. And in contrast, under a higher reaction
temperature, the more active NiCu cluster was more in favor of homolysis the H> for

cleavage of the C-C bond to produce alkane products.

RCROH Ry . REHCOHH,
R n /"
N

B (VS

Pathi-2 Path 1 Path 1-1

Scheme 2. Proposed mechanism of hydrogenation of fatty acids on the
NiCu/R-TiO; catalysts.

Conclusions

Herein, Ni/TiO, and a series of NiCu/TiO catalysts were prepared by
impregnation, hydrothermal, and coprecipitation methods for selective hydrogenation
of fatty acids into diesel-like alkane and high-valuable fatty alcohol. The catalysts'
structural characteristics and electronic properties are systematically studied by XRD,
TEM and Mapping, XPS, H>-TPR, EPR, BET, NH3-TPD and DFT -calculation.
Experimental results indicated that NiCu/TiO, (P25) prepared by impregnation
possessed superior catalytic activities with a higher fatty alcohol yield of 78.2% and
alkane yield of 85.0%, respectively. The conversion yield variation relates to the crystal
type, oxygen deficiency of the TiO, and the interaction between Ni and Cu, finally
affecting the electron density of metal clusters and structure. Bader analyses
demonstrate that rutile with oxygen vacancies can transfer charge reversal between
Ni/NiCu cluster and rutile support. The metal clusters anchored on oxygen-vacancies-
rutile surface endowing negative charges can promote fatty alcohol production. And the
more active NiCu cluster will work for alkane production under a higher reaction
temperature. Thus, the normal NiCu clusters anchored on TiO» surface (especially rutile

phase) can improve their temperature-sensitive activity for a higher alkane or alcohol
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yield. Our work provides a new strategy for designing highly efficient catalysts to

convert the bio-derived fatty acid into fatty alcohol or alkane.
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