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Abstract

A series of Ni,In-BTC metal organic frameworks (x/y denotes the Ni/In atomic
ratio) were prepared through the solvothermal method, and then carbonized at 400-
700 °C in a N, flow followed by the H, reduction at 550 °C to prepare carbon-coated
Ni—In IMC:s catalysts. It has been found that the H, reduction is favorable for the for-
mation of Ni—In IMCs and the Ni-In IMCs phases in Ni,In @C are determined by
the Ni/In atomic ratio. Interestingly, a thin layer of carbon (~2 nm) coats the Ni—In
IMC particles. Niln;C, 5 IMC forms in Ni,In; @C, and its crystallite size increases
with carbonization temperature. In addition, raising the carbonization temperature
promotes the degree of graphitization. In in-situ aqueous phase selective hydrogena-
tion of methyl palmitate to hexadecanol using methanol as hydrogen donor, all the
Niln;C, s IMC, Niln IMC and Ni,In; IMC dominatingly give hexadecanol, however,
Ni,In; IMC is hydrothermally unstable. Therein, Ni,In;@C carbonized at 600 °C
(i.e., NiyIn; @C-600/550) exhibits the best performance with the hexadecanol yield
of 90.3%, and the hexadecanol yield maintains ~90% during 5 times recycling. Such
high activity and stability are ascribed to stable Niln;C, s IMC phase, thin carbon
layer and suitable degree of graphitization in Ni,In; @C-600/550.
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Introduction

Traditional fossil fuels are non-renewable and their extensive application poses
significant environmental concerns, and there has been a marked increase in
interest in utilizing renewable energy sources over the past decade [1]. Biomass
is the only realistic renewable carbon resource [2]. Particularly, triglyceride fatty
acids in vegetable oils/ animal fatty can be transformed into bio-diesel [3, 4] and
fatty alcohols [5, 6] through hydrodeoxygenation and selective hydrogenation,
respectively.

Fatty alcohols are important chemical intermediates. Cu/Cr catalysts are com-
monly employed for the selective hydrogenation of fatty acids/esters to produce
fatty alcohols [7]. However, the loss of Cr results in environmental concern.
Metallic Ni has garnered significant attention due to its low cost and high activity
for hydrogenation. Unfortunately, metallic Ni is also highly active for decarbon-
ylation/decarboxylation (DeCO/DeCO,), C—C bond hydrogenolysis and methana-
tion [8], which are detrimental to producing fatty alcohols. This problem can be
overcome by incorporating a second oxygenophilic metal to metallic Ni lattice
forming alloys or intermetallic compounds (IMCs). For example, Kong et al [9].
have investigated the selective hydrogenation of stearic acid on Ni;Fe IMC cata-
lyst, where the stearic alcohol yield reaches 98%. Wang et al. [10] have found
that SiO,-loaded Ni—In IMCs catalysts dominatingly give octanol in the selective
hydrogenation of methyl caprylate and suggested that there is a synergistic inter-
action between Ni and In.

Selective hydrogenation is commonly carried out under external H, that is
mainly produced from the fossil fuels. Also, there are high-cost and safety prob-
lems during the H, storage and transportation. To circumvent it, the coupling of
H, production and selective hydrogenation (i.e., in-situ hydrogenation) is promis-
ing, especially the H, production via aqueous phase reforming (APR) [11, 12].
Recently, Gou et al. [13] have investigated the performance of CuCo/C catalysts
for in-situ hydrogenation of lauric acid in aqueous phase with methanol as a
hydrogen donor, and the lauryl alcohol yield reaches 62.3% at 330 °C. It should
be noticed that the harsh hydrothermal condition leads to the catalyst deactivation
due to sintering [14], leaching [15], and phase transformation [16]. Supporting
metals on hydrothermally stable supports (such as TiO, and ZrO,) can enhance
the catalyst stability. Zhang et al. [17] have found that Cu-Ni/ZrO, maintains a
relatively stable activity in in-situ aqueous phase hydrodeoxygenation of oleic
acid into heptadecane at 350 °C even after being used three times.

Recently, the metals coated by hydrothermally stable carbon have gained
great attention since the physical confinement of carbon can limit the sinter-
ing and leaching of active metals. The carbon-coated catalysts can be prepared
from a variety of carbon sources, such as phenol-formaldehyde resins [18], bio-
mass (such as glucose and cellulose) [19, 20], and metal-organic frameworks
(MOFs) [21]. For instance, Shi et al. [22] have prepared carbon-coated Ni—Co
alloy catalysts through the carbonization of Ni—Co doped phenol-formaldehyde
resins, which give the n-C4~n-C ¢ yield of 92.6% at 330 °C in the aqueous phase
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deoxygenation of methyl palmitate, and there is no remarkable sintering and
leaching of Ni—Co alloy during the reaction. Similarly, the carbon-coated Ni—Sn
IMCs catalysts derived from the carbonization of Ni and Sn doped phenol-for-
maldehyde resins give the n-C5 yield of 88.1% at 330 °C [23]. Particularly, the
carbon-encapsulated Ni—Sn IMCs catalysts show good stability. Gu et al. [24]
have prepared the carbon-coated Ni—-In IMCs catalysts through a hydrothermal
method combined with carbonization using glucose as a carbon source, which
demonstrate remarkable resistance to sintering and leaching under harsh hydro-
thermal condition. In in-situ aqueous phase selective hydrogenation of methyl
palmitate, the yield of hexadecanol reaches 81.3% at 330 °C. Unfortunately, the
as-prepared Ni—In IMCs are readily deactivated due to carbonaceous deposit that
blocks the pores.

Metal-organic frameworks (MOFs) are a newly emerging class of materials
with a periodic network structure composed of organic linkers and metal clusters.
MOFs-derived carbon-coated catalysts possess numerous advantages [21, 25, 26]:
(I) the diversity of organic linkers and metal clusters, as well as the connection
between them, make MOFs-derived carbon-coated catalysts more designable. (IT)
The alternating distribution of ligands and metal results in a uniform distribution
of metal in MOFs-derived carbon-coated catalysts. (III) MOFs possess high sur-
face area and porosity. (IV) MOFs can be easily prepared with mild condition, and
so on. Bimetallic MOFs can be fabricated by various methods, such as one-pot
synthesis, impregnation, and metal ion exchange [27]. The one-pot method offers
a simple process, good repeatability and uniformity. 1,3,5-Benzenetricarboxylic
acid (BTC) is widely used as organic linker and can coordinate with many metals
(such as Ni [28, 29] and In [30, 31]) to form MOFs. Liu et al. [32] have prepared
Ni@C-BTC from Ni-BTC MOFs through carbonization under a N, atmosphere,
which exhibits high activity and stability in the hydrodeoxygenation of triolein.
Under reaction conditions of 320 °C, 3 MPa H, and 4 h, the conversion of fatty
acid reaches 98.9% with 4.6% cracking ratio. Although the carbon-coated struc-
ture suppresses the catalyst deactivation due to sintering and leaching, it may give
rise to internal diffusion limitation and thus is harmful to the catalyst activity.
Inspired from previous works [33], a feasible strategy is to reduce the thickness
of the carbon layer and increase the proportion of mesoporous. MOFs are porous
and have a thin carbon layer in their derived carbon materials [34]. As mentioned
in previous works [10, 21], Ni-In IMCs are very promising for the selective
hydrogenation of fatty acids/esters to fatty alcohols, and the carbon coating can
effectively limit the sintering and leaching of metals in catalysts, we speculate
that coated Ni—In IMCs derived from MOFs may give the catalysts with high per-
formance. To the best of our knowledge, no Ni—-In-BTC MOFs and their derived
Ni—In IMC@C catalysts have been reported in the literature.

In the present study, bimetallic Ni-In-BTC MOFs were synthesized by the
one-pot solvothermal method, and then converted to the carbon-coated Ni-In
IMCs catalysts through the carbonization in the N, atmosphere followed by H,
reduction. The as-prepared catalysts were tested for the aqueous phase selective
hydrogenation of methyl palmitate using methanol as a hydrogen donor. Interest-
ingly, the as-prepared catalyst gave the hexadecanol yield of ~90% and showed
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good stability. The relationship between the catalyst structure and performance
was also explored.

Experimental
Materials

All reagents were purchased without any further purification. Ni(NO;),-6H,0
was purchased from Adamas-beta Co., Ltd. In(NO;);-4H,0 was purchased from
Guangxi Shimei Ceramic Products Co., Ltd. 1,3,5-Benzene tricarboxylate (BTC),
Ethyl palmitate, Octadecane and Tetralin were purchased from Aladdin Bio-Chem
Technology Co., Ltd. Methanol was purchased from Kermel Co., Ltd. N,N-dimeth-
ylformamide (DMF) was purchased from Meryer Co., Ltd. Ethanol, Cyclohexane
and Ethyl acetate were purchased from Real & Lead Chemical Co., Ltd.

Catalyst preparation
Synthesis of Ni-BTC, In-BTC and Nixlny-BTC

Ni-BTC, In-BTC and NiXIny-BTC MOFs (where x/y denote the nominal Ni/In
atomic ratio) were prepared by the solvothermal method [27]. Ni(NO;),-6H,0,
In(NO;);-4H,0 and BTC (the amounts are listed in Table 1) were dissolved in
60 mL DMF. The solution was then sealed in a 100 mL Teflon-lined stainless-steel
autoclave and heated to 120 °C maintained for 24 h. Afterward, the solid was cen-
trifuged, washed 3—4 times with ethanol, and dried overnight at 80 °C. The result-
ing MOFs are named as Ni,In,-BTC. Ni-BTC and In-BTC were prepared using the
same procedure.

Synthesis of Ni,In,@C catalysts

Ni,In -BTC MOFs were carbonized in a N, flow at different temperatures for 2 h
on a fixed-bed quartz reactor (0.8 cm in diameter), and the resulting catalysts are

Table 1 The mass of raw

. Catalyst The amount of raw material addition (g)
material

Ni(NO;),-6H,0 In(NO;);-4H,0 BTC

Ni-BTC 5.82 0 4203
NijIn,-BTC  3.877 2.486 4203
Ni,ln-BTC 2910 3.728 4203
Nijlng-BTC  2.326 4474 4203
Ni,In,-BTC 1.939 4971 4203
Ni,Iny-BTC 1.454 5.592 4203
In-BTC 0 7457 4203
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denoted as Ni,In @C-T (where T indicates the carbonization temperature). The as-
prepared Ni,In,@C-T catalysts were further reduced by a H, flow at 550 °C for 1 h
and named as Ni,In,@C-T/550. Before exposure to air, the reduced catalysts were
passivated at room temperature with a 0.5% O,/N, flow (320 mL/min) for 2 h.

Catalyst characterization

The X-ray diffraction (XRD) pattern was acquired on a D8 X-ray diffractometer
with Cu K, radiation (A=0.1541 nm). Transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) were performed using JEM-F200 field-
emission electron microscope and Hitachi s-4800 instruments. Raman spectra were
recorded on a LabRAM HR Evolution. N, physisorption isotherms were measured
on a Quantachrome Autosorb at — 196 °C. Specific surface area (Sggy) was deter-
mined by the Brunauer—-Emmett-Teller (BET) equation. The Horvath—-Kawazoe
method was applied to determine micropore volume (V,;.) and micropore diameter
(i), and the mesopore volume (V) and mesopore diameter (d,,.,) were calcu-
lated by the Barrett-Joyner-Halenda (BJH) equation.

mes.

Catalytic test

The in-situ aqueous phase selective hydrogenation of methyl palmitate was tested
using a 100 mL batch reactor (Beijing Century Senlong Experimental Apparatus
Co., Ltd.). Firstly, 4 g of methyl palmitate, 8 g of deionized water, 3 g of methanol
and 0.4 g of catalyst were charged into the reactor. After the reactor was sealed, it
was purged with N, for three times to replace air and then pressurized with N, to
1.0 MPa. The reactor was heated to set temperature under stirring at 500 rpm. After
the reaction, the reactor was cooled down to 50 °C by internal cooling water system.
The organic components were extracted using cyclohexane.

The organic products were analyzed using a SP-3420 gas chromatograph (GC)
equipped with an HP-5 capillary column and a flame ionization detector (FID). For
the organic phase, ethyl acetate and tetralin were used as the internal standard to
analyze methanol and n-Cg~n-C,, alkanes, while octadecane was used as the inter-
nal standard to analyze pentadecane, hexadecane, hexadecanal, hexadecanol, pal-
mitic acid, and methyl palmitate. Methanol in aqueous phase was analyzed using
ethanol as internal standard. The conversions of methyl palmitate and methanol and
the yield of different products were calculated using the following equations:

mole of unreacted methyl palmitate

Conversion (%) =1 — X 100%

mole of methyl palmitate added

mole of product X carbon atom number in product
mole of methyl palmitate added X 16

Yield (%) = 1 — x 100%

All the tests were repeated 2—3 times. The error range is within+6% and the
standard deviation is no more than 4%.
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Results and discussion
Catalyst characterization
Ni-BTC, Ni,In,-BTC and In-BTC MOFs

Fig. 1 shows the XRD patterns of Ni-BTC, In-BTC and Ni,In,-BTC. The XRD pat-
tern of Ni-BTC is similar to that in the literature [32], indicative of the success-
ful preparation of Ni-BTC MOF. In contrast, In-BTC shows a completely different
XRD pattern from Ni-BTC, i.e., forming a distinct crystal. In-BTC is dominating
in Ni;In;-BTC. For Ni,In,-BTC with higher Ni/In atomic ratios (i.e., Ni;In,-BTC,
Ni,In;-BTC, and Ni,In;-BTC), the peaks due to both In-BTC and Ni-BTC are
observed. This indicates that Ni;In,-BTC, Ni,In;-BTC and Ni;In;-BTC are a mix-
ture of In-BTC and Ni-BTC. Interestingly, Ni,In-BTC exhibits a unique XRD pat-
tern, indicating that Ni,In-BTC is composed of a new crystal structure that is dif-
ferent from In-BTC and Ni-BTC. A similar phenomenon has also been reported by
Zhang et al. [35].

The morphologies and structures of Ni-BTC, Ni,In,-BTC and In-BTC are stud-
ied by SEM. As depicted in Fig. S1, Ni-BTC displays a prismatic block with inter-
spersed irregular particles. The Ni,In;-BTC sample exhibits a regular hexagonal
block structure with a particle size of approximately 5 pm. Ni;In;-BTC shows a
large number of irregular particles in addition to hexagonal blocks, with agglom-
erations between the particles. The overall shape of Ni,In;-BTC closely resembles
that of Ni,In;-BTC but displays a lamellar structure. Ni;In,-BTC and Ni,In;-BTC
exhibit irregularly blocky with agglomeration. The In-BTC sample exhibits a trigo-
nal structure.

TEM images (Fig. S2) show that Ni,In,-BTC presents a crystal structure. The
large size of the Ni,In;-BTC particles (about 5 pm) is consistent with that from the
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Fig. 1 XRD patterns of Ni-BTC, In-BTC, and NiXIny—BTC
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SEM images. As shown by the TEM-EDS mapping scanning of Ni,In,;-BTC, In, Ni
and C elements uniformly distribute in the particle, which is favorable for the forma-
tion of carbon-coated Ni—In IMCs as indicated below.

Ni,In,@C catalyst derived from MOFs

The preliminary exploration indicates that the In,O; phase without reduction dur-
ing the carbonization can be reduced by H, at 550 °C, which is favorable for the
formation of Ni-In IMCs (see Fig. S3A). Based on this, the NiIn,@C-500/550
catalysts with different Ni/In atomic ratios were prepared. As shown in Fig. 2A,
Niln;C,y 5 IMC (PDF#28-0468) is dominating in Ni,In; @C-500/550, accompanied
with minor Niln IMC (PDF#07-0178). For Ni,In, @C-500/550, the diffraction peaks
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Fig.2 XRD patterns of different catalysts. A Ni In,@C-500/550; B Ni,In; @C-T/550
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attributed to Niln IMC and Ni,In; IMC are visible. There is main Ni,In; IMC in
Ni,In,@C-500/550, Ni,In,@C-500/550 and Ni,In;@C-500/550, and the peaks
attributed to In,O; (PDF # 06-0416) become sharp with the increase of In content.

As shown in Fig. 2B, Ni,In;@C-T/550 derived from different carbonization
temperatures exhibit similar XRD patterns, and all the catalysts contain Niln;C s
IMC. Based on the Scherrer equation, the crystallite sizes of Niln;C,, 5 IMC are esti-
mated to be 7.4, 9.6, 11.4 and 15.4 nm in Ni,In; @C-400/550, Ni,In; @C-500/550,
Ni,;In; @C-600/550 and Ni,In; @C-700/550. That is, raising the carbonization tem-
perature promotes the sintering of Niln;C, s IMC particles.

NixIny—BTC MOFs are carbonized at different temperatures, and their mor-
phology is not obviously influenced by the carbonization process (Fig. S4), simi-
lar to the previous reports [36-38]. Fig. 3 shows TEM and HRTEM images of
Ni,In,; @C-600/550. The Niln;Cys IMC particles uniformly disperse, and the
average size is approximately 10.8 nm, approaching the XRD results in Fig. 2B.
NiIn;C,, 5 IMC particles may correspond to the nanoparticles on the catalysts sur-
face as shown in SEM images (Fig. S4). Same to the case in SEM image (Fig. S4),
the hexagonal structure is also observed in TEM images (Fig. S5). Particularly, the
HRTEM image shows that there is a very thin layer of carbon (~2 nm) on the sur-
face of the Niln;C, 5 IMC particles, demonstrating that the carbon-coated Ni—In
IMC:s is prepared. Such the thin carbon layer is beneficial to reducing internal trans-
fer limitation and so good catalytic performance as mentioned below.

Fig. 4 shows the Raman spectra of Ni,In,@C. The degree of graphitization is
usually determined by the peak area ratio of D-band to G-band (i.e. the Iy/I ratio).
The lower the Ip/I; ratio, the higher the degree of graphitization. As shown in
Fig. 4, the I/1; ratios for Ni,In; @C-500 and Ni,In; @C-500/550 are 3.25 and 3.01y.
In addition, the Iy/I ratios for Ni,In;@C-500 and Ni,In;@C-500/550 are 3.33 and
3.03. Therefore, the H, reduction promotes the graphitization of carbon, consist-
ent with the case in the literature [39]. Furthermore, for Ni,In;@C-T/550, the I/
ratios decrease from 4.31 to 2.58 with rising the carbonization temperature, i.e., the
increased carbonization temperatures accelerate the graphitization, consistent with

g 11213 . 1315

Ni,In,@C-600/550

Fig.3 TEM and HRTEM images of Ni,In, @C-600/550
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Fig.4 Raman spectra of Ni,In,@C

the literature [32]. In addition, Ni,In; @C-500 with higher Ni/In atomic ratio shows
higher graphitization than Ni,In;@C-500.

N, adsorption—desorption isotherms of Ni,In;@C-600, fresh and used
Ni,In; @C-600/550 are measured. As shown in Fig. S6 and Table S1, both the pore
volume and pore size of Ni,In; @C-600 increase after the H, reduction at 550 °C.
This can be explained by that H, may react with the carbon species to form gaseous
hydrocarbons [39]. The large pore size and pore volume favor the mass transfer dur-
ing the reaction.

Catalytic performance

The performance of carbon-coated Ni-In IMCs catalysts was tested for the in-
situ selective hydrogenation of methyl palmitate to hexadecanol in the aqueous
phase using methanol as hydrogen donor. Since metallic Ni is highly active for
DeCO/DeCO, and C-C bond hydrogenolysis leading to very low yield of hexa-
decanol [22-24], the Ni@C catalyst was not tested in this work. Based on previ-
ous work [24, 40-42] and product distribution, the in-situ selective hydrogena-
tion pathway of methyl palmitate in aqueous phase is proposed in Scheme 1.
Under the present reaction condition, methyl palmitate is readily hydrolyzed to
palmitic acid and methanol [43], and the conversion of palmitic acid is key. Pal-
mitic acid can be hydrogenated to generate hexadecanal. Hexadecanal, a very
reactive intermediate, is easily converted to the desired product hexadecanol
via hydrogenation pathway. Additionally, DeCO, of palmitic acid and DeCO of
hexadecanal produce n-Cs, while hexadecanol can undergo dehydration-hydro-
genation yielding n-C 4. n-C;5 and n-C;4 can further be transformed to short-
chain alkanes through hydrogenolysis. It is possible that hexadecanol reacts with
palmitic acid to produce palmityl palmitate through esterification. Here, Ni—In
IMCs possess very low activity for C—C hydrogenolysis and DeCO/DeCO, [10,
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Scheme 1 Hydroconversion pathways of methyl palmitate in aqueous phase

24]. Since the desired product is hexadecanol, the catalyst activity for the selec-
tive hydrogenation is mainly represented by the yield of hexadecanol.

Effect of Ni/In atomic ratio on performance of Ni,In,@C-500/550

According to relevant literature [39, 44] and preliminary exploration (Fig. S7),
H, reduction can promote the formation of Ni-In IMCs, increase the degree
of graphitization, creative pores as indicated above, and thus has a positive
effect on the catalysts performance (the details are shown in the Supplemen-
tary Information). Therefore, the carbonized catalysts are all reduced by H, in
the following work. Fig. 5 shows the effect of Ni/In atomic ratio on the per-
formances of Ni,In,@C-500/550. Hexadecanol is the main product on all the
Ni, In,@C-500/550, and its yield first increases and then decreases as the Ni/
In atomic ratio is reduced from 2/1 to 1/3. Ni,In;@C-500/550 has the highest
conversion of methyl palmitate (93.2%) and hexadecanol yield (87.3%). As indi-
cated by XRD (Fig. S3B), Ni,In; IMC is detected in Ni,In;@C-500/550, while it
is not stable and decomposes to form In,0; under harsh hydrothermal condition
[35]. This may affect the catalytic stability of Ni,In;@C-500/550. Therefore, the
stability of Ni,In; @C-500/550 and Ni,In;@C-500/550 were tested.

As shown in Fig. S8, Ni,In;@C-500/550 exhibits higher catalytic stabil-
ity than Ni,In;@C-500/550. The yield of hexadecanol is similar (~76%) on
the fresh and used Ni,In,@C-500/550. In contrast, Ni,In;@C-500/550 cata-
lyst is significantly deactivated at the first recycling, and the hexadecanol yield
decreases from 87.3 to 47.5%. The hydrothermal instability of Ni,In; IMC
may account for its deactivation. Thus, Ni,In;@C containing sable Niln;C, s
IMC is preferential for in-situ selective hydrogenation of methyl palmitate to
hexadecanol.

@ Springer



Reaction Kinetics, Mechanisms and Catalysis (2023) 136:2021-2037 2031

B Y, o, T Ye, [ Ye, T Y paimitic acis [ Ynoxadecanat
I:IYhexadecanol * conVerSic’"Methyl palmitate c°nVersm"Methanol
100
*
< o
é *
T 80 - *
< B - _
>=
o
c 60+
=] M
(7]
44
[
Z 40
[e]
(&)
20
oL mfl ,_ﬂ | ﬂ—!_| |

T T T
Ni)l,@C  Nin,@C  Niln,@C  Nin,@C  Ni In,@C
-500/550  -500/550  -500/550  -500/550  -500/550

Fig.5 Performance of Ni,In @C-500/550 for in-situ selective hydrogenation of methyl palmitate in
aqueous phase using methanol as hydrogen donor. Reaction condition: 4 g methyl palmitate, 3 g metha-
nol, 8 g water, 0.4 g catalyst, 330 °C, 1 h

Effect of carbonation temperature on performance of Ni,In,@C-T/550

The effect of carbonation temperature on performance of Ni,In;@C-T/550 is
depicted in Fig. 6. The catalysts performance first increases and then decreases with
increasing carbonization temperature, and the hexadecanol yields are 68.8%, 75.6%,
81.6% and 65.5% at the carbonation temperatures of 400 °C, 500 °C, 600 °C and
700 °C. Clearly, Ni,In; @C-600/550 exhibits the best selective hydrogenation per-
formance. As indicated by Raman spectra (Fig. 4), the increase in carbonization
temperature can improve graphitization of carbon, which is beneficial for the struc-
ture stability of carbon layer. However, too high carbonization temperature leads to
grow up of IMC particles and over-graphitization of catalysts (as indicated by XRD
and Raman results), which may reduce the number of exposed active sites.

Effect of reaction condition on performance of Ni,In,@C-600/550

As above mentioned, Ni,In; @C-600/550 is preferential for in-situ selective hydro-
genation of methyl palmitate in aqueous phase. The effects of the reaction tempera-
ture and time on its performance were investigated to determine a suitable reaction
condition with high yield of hexadecanol.

As illustrated in Fig. 7A, the increase in reaction temperature from 310 to 350 °C
enhances the conversion of methyl palmitate from 77.1 to 95.0%, and methanol con-
version from 53.5 to 90.2%. This can be attributed to the endothermic hydrolysis of
methyl palmitate and aqueous phase reforming of methanol. The yield of hexade-
canol increases from 50.9 to 90.3%, while the yield of palmitic acid decreases from
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Fig.6 Performance of Ni,In,@C-T/550 for in-situ selective hydrogenation of methyl palmitate in aque-
ous phase using methanol as hydrogen donor. Reaction condition: 4 g methyl palmitate, 3 g methanol,
8 g water, 0.4 g catalyst, 330 °C, 1 h

17.7 to 3.3%. The increase in temperature enhances the H, pressure due to aqueous
reforming, facilitating the selective hydrogenation of palmitic acid to hexadecanol.
In addition, the yields of n-Cs5~n-C,, alkanes are lower than 0.01%, indicating the
low activity of Niln;C, 5 IMC for the C—C bond hydrogenolysis. The yields of deox-
ygenation products (n-C,5 and n-C,¢) increase slightly, ascribed to that the increase
in temperature favors the deoxygenation and DeCO/DeCO, to produce alkanes [10,
24, 45].

As depicted in Fig. 7B, the conversion of methyl palmitate and methanol gradu-
ally increases with reaction time from 0.5 to 2 h. The yield of hexadecanol reaches
the highest (90.3%) at 1 h. The conversion of hexadecanol to n-C,4 via dehydration-
hydrogenation can account for the decrease in the yield of hexadecanol with increas-
ing reaction time (Scheme 1).

B 3 g methanol,8 g water, 0.4 g catalyst, 350 °C.

Catalyst stability

As indicated above, Ni,In, @C-600/550 gives high hexadecanol yield. Herein, its
stability was tested. Before each recycling, the catalysts were washed with isopro-
panol, and 0.04 g fresh catalyst was added to compensate for the catalyst loss. As
shown in Fig. 8, the hexadecanol yield is 90.3% on the fresh Ni,In; @C-600/550,
and it remains at approximately 90% during five times recycling, showing good
stability.

The Ni,In; @C-600/550-used, catalysts (where x denotes the catalysts used after
xth times) were characterized in order to account for the stability. The XRD patterns
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(Fig. S9) indicate that the Niln;C,s IMC phase is partially decomposed during
the reaction for the Ni,In, @C-600/550 catalyst because the In,O; phase appears
after the reaction. Interestingly, there is Niln IMC in Ni,In; @C-600/550-used [6].
This indicates that Niln IMC is hydrothermally stable, consistent with the previ-
ous work [24]. The Niln;C, 5 IMC crystallite diameters on the Ni,In; @C-600/550,
Ni,In, @C-600/550-used; and Ni,In; @C-600/550-used,, are 11.4, 13.5 and 14.9 nm,
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Fig. 8 Stability of Ni,In, @C-600/550. Reaction condition: 4 g methyl palmitate, 3 g methanol, 8 g water,
0.4 g catalyst, 350 °C, 1 h

indicative of a slight sintering. The SEM and TEM results (Fig. S10) show that
the morphology of Ni,In; @C-600/550 is almost unchanged after the reaction, and
Niln;C, s IMC particles is approximately 14.7 nm, consistent with the XRD results.
As indicated by the results of N, adsorption—desorption (Fig. S6, Table S1), the spe-
cific surface area (Spy) of the catalyst decreases from 182 to 128 m*/g after using
for 6th times. The determine micropore volume (V ;) and mesopore volume (V..
decrease from 0.073 and 0.196 cm?/g to 0.049 and 0.162 cm?/g, while the micropore
diameter (d,;.) and the mesopore diameter (d,.,) do not obviously change after
the reaction. This means that some pores are blocked by the carbonaceous species.
Raman results show a slight increase in catalyst graphitization after five times recy-
cling (Fig. S11). Therefore, some changes in the catalyst structure do not obviously
influence the catalytic stability of Ni,In; @C-600/550.

In the previous work [24], the carbon-coated Ni—In IMC derived from glucose as
carbon source gives the hexadecanol yield of 84% at the reaction time of 4 h, and it
is deactivated in the first cycling. In contrast, MOFs derived Ni,In; @ C-600/550 has
higher yield of hexadecanol (90.3%) at shorter reaction time (1 h) and good cata-
lytic stability. This may be mainly related to the thinner carbon layer of the MOFs-
derived Niln@C catalysts. The thinner carbon layer reduces the internal diffusion
limitation and so improves the catalyst activity and stability.

Conclusion
Ni,In,;-BTC shows distinctive peaks from Ni-BTC and In-BTC. H, reduction is

favorable for the formation of Ni—In IMCs and there are Niln;C, 5, Niln and Ni,In;
IMCs forming in NixIny@C-SOO/SSO with the Ni/In atomic ratio of 2:1, 1:1 and 2:3.
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Ni,In; IMC is hydrothermally unstable due to its conversion into In,0O5. The crystal-
lite sizes of Niln;C, 5 IMC and degree of graphitization raise with increased carbon-
ization temperatures. There is a thin layer of carbon (~2 nm) on the surface of the
Niln;C, s IMC particles. In in-situ aqueous phase selective hydrogenation of methyl
palmitate to hexadecanol using methanol as hydrogen donor, Ni,In; @C-600/550 can
give the best performance with the hexadecanol yield of 90.3% at the suitable condi-
tion, and it remains at approximately 90% during five times recycling. The reasons
for the high activity and stability of Ni,In; @C-600/550 include: (I) Hydrothermal
stable phase Niln;C s. (I) suitable particle size and a certain degree of graphitiza-
tion obtained by carbonization at a certain condition. (II[) MOFs-derived thin car-
bon layer-coated structure reduces the internal diffusion limitation while retaining
the physical limiting effect.
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