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Abstract

The carbon-coated Ni (Ni@C) and Ni-In intermetallic compounds (IMCs) (Ni—
In@C) catalysts were synthesized via combining one-pot hydrothermal method with
glucose as carbon source and the carbonization under N, atmosphere. Their reac-
tivities were compared in in situ aqueous phase selective hydrogenation of methyl
palmitate to hexadecanol using methanol as a H, donor. The Ni@C catalyst domi-
natingly catalyzes decarbonylation/decarboxylation, accompanying with the serious
C—C bond hydrogenolysis and methanation. In contrast, hexadecanol is mainly gen-
erated on Ni-In@C, where C—C bond hydrogenolysis and methanation are remark-
ably inhibited. This is ascribed to the geometric and electronic property of Ni—In
IMCs. The hexadecanol yield reaches 84.0% under an optimal condition on Ni-
In@C. The structure of Niln IMC is hydrothermally stable even at 330 °C, and the
Ni—In IMCs particles highly resist to sintering and leaching under harsh hydrother-
mal condition due to the confinement of carbon. Catalyst deactivation is mainly due
to the carbonaceous deposition, and the catalyst reactivity is mostly recovered by the
regeneration with CO,.
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Introduction

Higher fatty alcohols are important basic materials for producing surfactants,
plasticizers, food additives and cosmetics. Generally, they are produced from the
selective hydrogenation of fatty acid/esters derived from renewable vegetable oils
and animal fats [1, 2].

Conventionally, the selective hydrogenation of fatty acid/esters is carried out
with external H, supply under a pressure. However, there is a safety problem dur-
ing the storage and transportation of hydrogen, and the transportation of hydrogen
is also high- cost. To circumvent this, it is very attractive to in situ generate H,
(for instance, aqueous phase reforming of methanol [3-5]). The in situ aqueous
phase hydrogenation of lauric acid with methanol as the hydrogen donor has been
investigated at 330 °C, and the yield of lauryl alcohol reaches 99.2 and 45.8% on
Cu/Al,0O; and Cu/ZrO, catalysts [2] and 62.3% on the CuCo,/C catalyst [6].

It is well known that subcritical water is highly corrosive, which can destroy
the catalyst structure, leach the active components and promote the sintering
of catalysts (including support and metal) [7]. To solve this problem, a feasible
approach is to coating the metal particles with a high hydrothermal stable sup-
port. Al,O5 and SiO, are not hydrothermally stable, and ZrO, and TiO, possess
good hydrothermal stability but low surface areas [7]. Carbon has good hydro-
thermal stability and high surface area. But then, the interaction between metal
and carbon is weak, and the carbon-supported metals are subjected to sintering
and leaching [8, 9]. Recently, by virtue of the confinement effect of carbon, car-
bon-coated metal catalysts have been proved to effectively suppress metal sinter-
ing and leaching [10-14]. For instance, in the hydrogenation of acetone to isopro-
panol in an aqueous phase, the uncoated Pd/SiO, catalyst is rapidly deactivated
within 7 h, while the carbon-coated Pd/SiO, catalyst is stable in a run time of
nearly 60 h [12]. Nitrogen-doped carbon-encapsulated cobalt catalysts exhibits
excellent activity in the aqueous hydrogenation of vanillin, ascribed to reducing
the leaching of cobalt nanoparticles embedded in the framework of nitrogen-
doped carbon materials [15]. The carbon-coated metal catalysts can be prepared
with polydopamine, phenol-formaldehyde resins, sugars and metal-organic
framework compounds as carbon sources [16—19]. Thereinto, surges are biomass-
derived, and they can be converted to the carbon particles via a hydrothermal pro-
cess, and have been widely used for preparing the carbon-coated metals or oxides
catalysts [20]. For example, Co@C NPs has been prepared by a two-step process
using glucose as a carbon source [21]. Compared with the two-step one, the one-
pot process has the advantages of simplicity, efficiency and resource saving. Co@
NC-600 and Fe,O;@C have been prepared by one-pot method using sucrose and
glucose as carbon sources [18, 22]. It is very significant to extend the one-pot
hydrothermal process method with sugars as carbon sources to prepare carbon-
coated metal catalysts.

Our previous work has shown that Ni—In IMCs possess good performance
in the selective hydrogenation of fatty acid esters to fatty alcohols [23], while
their hydrothermal stability and performance in in situ aqueous phase selective
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hydrogenation is unclear. In the present work, we investigated the reactivity of
Ni-In IMCs in in situ aqueous phase selective hydrogenation of methyl palmitate
using methanol as the hydrogen donor. To restrain the sintering and leaching, car-
bon-coated Ni—-In IMCs were successfully prepared by the one-pot hydrothermal
synthesis with renewable glucose as a carbon source. It has been found that Niln
IMC is hydrothermally stable and the carbon-coating prevents Niln IMC parti-
cles from leaching and sintering. The hexadecanol yield can reach 84% on the
as-prepared catalyst.

Experimental
Materials

All chemicals were analytically pure and used directly without further purifica-
tion. Glucose, Tianjin Yuanli Chemical Co., Ltd.; Urea (>99.0 wt%), Tianjin
Guangfu Technology Co., Ltd.; Ni(NO;),-6H,0 (>99 wt%), Adamas-beta Co.,
Ltd.; In(NO3);-4H,0 (>99.999 wt%), Guangxi Shimei Ceramic Products Co., Ltd.;
Methanol (>99.5 wt%), Kermel Co., Ltd.; Ethanol (>95 wt%), Cyclohexane (>99.7
wt%), Ethyl acetate (>99 wt%), Real & Lead Chemical Co., Ltd.; Ethyl palmitate
(=97 wt%), Octadecane (>99 wt%), Tetralin (=97 wt%), Aladdin Bio-Chem Tech-
nology Co., Ltd.

Catalyst preparation

Carbon-coated Ni and Ni—In IMCs were synthesized by the one-pot hydrother-
mal method with glucose as carbon source, followed by the carbonization in
the N, atmosphere. In a typical process, glucose, urea, Ni(NO;),-6H,O and/or
In(NO;);-4H,0 (detail amounts in Table S1 in Supplementary information) were
dissolved in deionized water (50 mL), and then the mixture was ultrasonicated to
form a solution. Subsequently, the solution was sealed into a 100 mL Teflon-lined
stainless-steel autoclave and heated to 160 °C maintained for 12 h. After naturally
cooling to room temperature, the solid was collected by centrifugation, washed with
deionized water and alcohol, and dried at 80 °C for 24 h. Finally, the obtained pow-
der was carbonized on a quartz fixed-bed reactor under a N, flow according to the
following procedure: (1) heated to 600 °C at the heating rate of 2 °C min~' and
maintained for 2 h; (2) heated to 800 at the heating rate of 3 °C min~! and main-
tained for 1 h. The as-prepared carbon-coated metallic Ni and Ni—In bimetallic cata-
lysts are labeled as wNi@C and wNi,In@C, where w and x denote nominal Ni/C
mass ratio and Ni/In atomic ratio, respectively.

For comparison, the activated carbon (AC) supported Ni—In bimetallic catalyst
(Ni—In/AC, nominal Ni content 27.8 wt% and Ni/In atomic ratio of 2) was prepared
by the impregnation method. Firstly, the AC support (<0.074 pm) was impregnated
by the mixed aqueous solution of Ni(NO;),:6H,0 and In(NO;);-4H,0 for 48 h.
Afterward, the sample was dried at 120 °C for 12 h, and then reduced on a quartz
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fixed-bed reactor under a H, flow at 500 °C for 2 h. After dropping to room tempera-
ture, the obtained powders were passivated under an atmosphere of 0.5 V%O,/N,
mixed gas for 3 h.

Catalyst characterization

Fourier transform infrared (FT-IR) and Thermogravimetry (TG) were carried out
on a Thermo Nicolet Nexus and a Hitachi TG/DTA7300 instrument. Raman spectra
was recorded on a LabRAM HR Evolution. The X-ray diffraction (XRD) pattern
was obtained on a D8 X-ray diffractometer with Cu K, radiation (A=0.1541 nm).
Scanning electron microscopy (SEM) was used to examine the catalyst morphol-
ogy on a Hitachi regulus 8100 electron microscope. Transmission electron micros-
copy (TEM) and high-resolution transmission electron microscopy (HRTEM)
images were got on a JEM-F200 field-emission electron microscope. X-ray pho-
toelectron spectroscopy (XPS) was performed on a Thermo Scientific ESCALAB
250Xi with Mono Al Ka radiation (1486.6 eV). Binding energy was calibrated by
C 1 s (284.8 eV). Before the measurement, the catalysts were sputtered by Ar" ion
beam to remove the oxide layer. The Ni and In contents in catalysts were meas-
ured on a ICPE-9800 by inductively coupled plasma optical emission spectroscopy
(ICP-OES).

Catalytic test

The catalyst performance was tested using a 100 mL autoclave (Beijing Century
Senlong Experimental Apparatus Co., Ltd.). In a typical run, 4 g of methyl palmi-
tate, 8 g of deionized water, a certain amount of methanol and catalyst were loaded
into the autoclave, followed by sealing the autoclave and purging the inside air with
N, three times. Afterward, the autoclave was pressurized with N, to 1.0 MPa (as
internal standard for analyzing gaseous products), and then heated to the reaction
temperature under stirring of 500 rpm. After the reaction, the autoclave was cooled
down to 50 °C by charging water through internal cooling coils. The gaseous prod-
ucts were collected by an air bag for gas chromatography analysis. Cyclohexane was
added to autoclave to extract the organic compounds. The carbon balance was above
92%.

H, and C, (CO, CH, and CO,) gaseous products were quantitatively analyzed
on a 102 gas chromatograph (GC) equipped with a TDX-101 packed column and a
thermal conductivity detector (TCD) using Ar as the carrier gas, and N, was used as
the internal standard. The C,—C; alkanes in the gaseous product were quantitatively
analyzed on a SP-3420 GC equipped with HP-AL/S capillary column and hydrogen
flame ionization detector (FID), and methane, whose amount was determined on a
102 GC, was used as the internal standard.

The liquid phase products were quantitatively analyzed on a SP-3420 GC
equipped with HP-5 capillary column and a FID. For the organic phase, ethyl ace-
tate and tetralin was used as the internal standard to quantitatively analyze methanol
and C4—C,, alkanes. Octadecane was used as the internal standard to quantitatively
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analyze pentadecane, hexadecane, hexadecanal, hexadecanol, palmitic acid, and
methyl palmitate. Ethanol was used as internal standard to quantitatively analyze the
compounds in the aqueous phase.

The conversions of methyl palmitate and methanol and the yield of product i
(C,—C,4 hydrocarbons, hexadecanol, palmitic acid) were calculated by the following
formulas:

/

Nyp — N
. MP MP
Conversionyp(%) = — X 100%

vip
n -
. methanol ‘methanol
Conversion . ano(%) = " X 100%

methanol

. n; X n,
Yield;(C%) = ——— x 100%
nyp X 16

The yield of CH, was defined as follows:

Ncy,
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Here MP denotes methyl palmitate; ny;p and n , denote the initial amount of
substance of methyl palmitate and methanol; ',y paimitate @04 N penano denote the
amounts of sbstance of unreacted methyl palmitate and methanol, respectively; n,
and n, denote the mole of the product i and the number of carbon atom in product i.

methano

Results and discussion
Catalyst characterization
FT-IRand TG

Here, 0.30Ni,In@C is selected to investigate the structure and the carboniza-
tion process of the hydrothermal products. In the FT-IR spectra (Fig. S1a), several
characteristic bands are observed at~3400 cm™! (stretching vibrations of O-H),
1612 and 1446 cm™! (the stretching vibrations of aromatic C=C and C=N bonds),
823 cm™! (triazine ring modes), 1384 cm™' (sp®> C—C bond or disordered sp* gra-
phitic domains) and 1184 cm™! (C-OH/C-O-C bonds) [24-26]. The results indicate
that glucose undergoes aromatization during the hydrothermal process, and abun-
dant oxygen-containing functional groups still remain [27]. Especially, nitrogen is
introduced in the precursor due to the Schiff base reaction between aldehyde groups
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of 5-hydroxymethylfurfural (hydrolysis compound of glucose) and the amine groups
of urea [28]. TG profile (Fig. S1b) shows three main weight loss stages: (1) below
220 °C, the escape of physically adsorbed water and bound water; (2) 220-458 °C,
the intramolecular dehydration and decarbonylation/decarboxylation of oxygen-con-
taining functional groups [18]; (3) 458—800 °C, the pyrolysis of the sample, during
which the Ni** and In** species are reduced by carbon forming Niln IMCs, and the
carbon-coated Ni or Ni—In IMCs particles are synthesized. Meanwhile, the reduced
Ni and In in turn promote the carbonization process [29].

XRD and Raman

As shown in the XRD patterns (Fig. 1), the diffraction peaks assigned to metal-
lic Ni (PDF#65-2865) and graphitic carbon (PDF#25-0284) are visible for
0.25Ni@C. Both Ni;In IMC (PDF#65-9308) and Niln IMC (PDF#07-0178) form in
0.25Ni;In@C. Niln IMC is dominating in 0.25Ni,In@C, accompanying with minor
Ni,In; IMC (PDF#65-7718). There is main Ni,In; IMC in 0.25Niln@C. Also, In,0;
exists in all 0.25Ni, In@C. In conclusion, Ni?* and partial In** species are reduced
by carbon during the carbonization, forming metallic Ni in 0.25Ni@C and different
Ni—In IMCs in 0.25Ni,In@C. In 0.25NixIn@C, the phase structure of Ni—-In IMCs
depends on the nominal Ni/In atomic ratio. With the decrease in the nominal Ni/
In atomic ratio, the proportion of In in Ni—In IMCs increases. In addition, no gra-
phitic carbon is detected in 0.25Ni,In@C, i.e., the formation of Ni-In IMCs pre-
vents the graphitization, also confirmed by Raman results (Fig. S2). As shown in the
XRD patterns of wNi,In@C catalysts (Fig. S3), 0.15Ni,In@C, 0.25Ni,In@C and
0.35Ni,In@C contain Ni,In; IMC, Niln IMC and In,O;. Interestingly, Niln IMC
and In,0; exist in 0.30Ni2In@C.
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Fig. 1 XRD patterns of 0.25Ni@C and 0.25Ni,In@
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SEM and TEM

In the as-prepared precursor after the hydrothermal process, the agglomerated
nanospheres and nanorods are observed (Fig. S4), and they become slightly
smaller after the carbonization due to the loss of C/H/O. In addition, their mor-
phology does not obviously change after the in situ aqueous phase selective
hydrogenation.

Figs. 2 and S5 show the TEM/HRTEM images of 0.25Ni@C, 0.25Ni,In@C
and 0.30Ni,In@C. Clearly, the metal particles are embedded in the carbon parti-
cles. The metallic Ni particle size in 0.25Ni@C is about 18.5 nm, in contrast, there
are smaller Niln IMC particles (13.5 nm) in 0.25Ni,In@C. Thus, the presence of
metal in causes the metal particles small; moreover, the dispersibility of metal par-
ticles in the carbon particles is also improved. 0.30Ni,In@C has larger Niln IMC
particles (19.4 nm) than 0.25Ni,In IMC, ascribed to its higher nominal metal load-
ing. The lattice spacing value of 0.310 nm corresponds to the (100) crystal plane of
Niln IMC) (Fig. 2) [23]. As shown by the TEM-EDS mapping and line scanning
of 0.30Ni,In@C, In and Ni appear in the same area. This is due to the formation of
Niln IMC, where the Ni and In atoms are uniformly separated each other.

Fig.2 TEM-EDS mapping and line scanning images of 0.30Ni2In@C

@ Springer



1628 Reaction Kinetics, Mechanisms and Catalysis (2022) 135:1621-1634

XPS

Fig. 3 shows the XPS spectra of Ni 2p and In 3d in 0.25Ni@C and 0.30Ni,In@C.
A pair of doublet peaks at around 870.4 and 853.2 eV for Ni 2p,,, and Ni 2p;, are
ascribed to Ni’ on 0.25Ni@C [30, 31]. In comparison, the Ni 2p,,, and Ni 2ps,
peaks of Ni° shift to lower binding energies (870.1 and 852.8 eV, respectively) on
0.30Ni,In@C. The In 3ds,, and In 3d,, peaks at the binding energies of 444.2 and
451.7 eV are attributed to In®, which are higher than that of elemental In (444.0 and

0.25Ni@C

0.30Ni,In@C

Relative Intensity (a.u.)

885 880 875 870 865 860 855 850
Binding Energy (eV)

0.30Ni,In@C
bin@ In 3dy,

Relative Intensity (a.u.)

. r . r . .
460 455 450 445 440
Binding Energy (eV)

Fig.3 XPS spectra of Ni 2p and In 3d in 0.25Ni@C and 0.30Ni2In@C
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451.4 eV) [32]. Therefore, a charge transfer occurs from In to Ni, consistent with
the higher electronegativity of Ni (1.98) than that of In (1.78). In addition, the peaks
ascribed to Ni?* and In®* are observed. This is related to the exposure of the cata-
lysts to air before XPS measurement, and the Ar* ions sputtering did not completely
remove the oxidized layer. In addition, In,0;, detected by XRD, also contributes to
the presence of In’*.

Catalytic performance

Herein, using methyl palmitate as the model reactant and methanol as the hydro-
gen donor, the catalysts were tested for in situ aqueous phase selective hydrogena-
tion of methyl palmitate. Palmitic acid, n-pentadecane (n-C;sH;,), n-hexadecane
(n-C,¢H3,4), hexadecanol and C4—C,, alkanes were detected in the liquid products.

Effect of Ni/In atomic ratios on catalyst performance

First, the performances of 0.25Ni@C and 0.25Ni,In@C are compared (Fig. 4). The
conversions of methyl palmitate and methanol on 0.25Ni@C are 99.7 and 94.0%,
respectively. For 0.25Ni,In@C, as the Ni/In atomic ratio decreases from 3 to 1, the
conversion of methyl palmitate decreases from 98.9 to 95.7%, while the conversion
of methanol first increases and then decreases, and 0.25Ni,In@C gives the highest
conversion (81.5%) of methanol.

Under hydrothermal condition, methyl palmitate is easily hydrolyzed to pal-
mitic acid and methanol [11, 33]. And the conversion of palmitic acid is the key.
The yield of palmitic acid is 19.2% on 0.25Ni@C. n-Pentadecane (the yield of
36.2%) is the main product, while the yields of n-hexadecane and hexadecanol

- YCS-CH I:I YC15 - YC1$ I:IYHexadencanol -YPaImi(ic acid :] YCH‘
[ ] Conversic)n,,,e,,wI palmitate [ ] Conversionyeanol
100 [ | [
| |
<9 ¢
<
= 80 L
o o
= —
> 60 [ ]
2 .
[<]
o
(=]
o 40
2
=
20
0 -

0.25Ni@C 0.25Ni;iIn@C  0.25Ni,In@C 0.25Niln@C

Fig.4 Performance of 0.25Ni@C and 0.25Ni,In@C in in situ aqueous phase selective hydrogenation of
methyl palmitate. Reaction condition: 330 °C, 4 g methyl palmitate, 3 g methanol, 8 g H,0, 0.4 g catalyst
and 6 h
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are only 1.7 and 0.4%, respectively. In addition, there is a high yield (22.2%)
of C4—C,, alkanes. That is, the metallic Ni is active for decarbonylation/decar-
boxylation and C-C bond hydrogenolysis [23, 34]. In contrast, hexadecanol,
derived from the hydrogenation pathway, is dominating on 0.25Ni,In@C. This
is attributed to Ni—In IMCs where the presence of oxyphilic metal In favors the
adsorption mode of n*(C, O)-aldehyde. As indicated by XPS, there is an electron
transfer from In to Ni on Ni-In IMCs. Thus, the negative charged Ni and the
positively In atoms preferentially adsorb the positively charged C atoms and the
negatively charged O [23], and so the hydrogenation of C—O/C=0 is promoted.
Moreover, the In atoms isolate the continuous Ni atoms in Ni—In IMCs, restrain-
ing the C—C bond hydrogenolysis. As a result, there are a very low yield (<1%)
of C¢—C,, hydrocarbons on 0.25Ni,In@C. As indicated by XRD, 0.25Ni;In@C,
0.25Ni,In@C and 0.25NiIn@C have different Ni-In IMCs, while they give simi-
lar yield of hexadecanol (~65.0%). In addition, the yields of n-hexadecane and
palmitic acid are all around 5%. Thus, the structure of Ni—-In IMCs shows a little
effect on the yields of the main liquid products.

Influence of Ni/C mass ratios on performance of Ni,In@C

As shown in Fig. 5, with increasing the Ni/C mass ratio, the conversions of
methyl palmitate and methanol and the yield of hexadecanol first increase and
then decrease, while the yield of palmitic acid tends to decrease. 0.30Ni,In@C
has the highest conversions of methyl palmitate (98.3%) and methanol (83.6%),
the highest yield of hexadecanol (73.6%) and the lowest yield of palmitic acid
(3.1%). In all, 0.30Ni,In@C has the best performance.

- YCG-CM l:l YCIS - YCIS l:l YHexaden:anBl - YPaImitic acid
[ | ConversionMa!hy, palmitate . Conversionyganol
100 - ] u
Q u
< o
= 80- ®
o _ [
7]
= [ ] —
2 60 ]
2 .
[o]
(&)
o3
© 40
K
=
20 4
0 -

0.15Ni,In@C 0.25Ni,iIn@C 0. 30Ni,In@C  0.35Ni,In@C

Fig.5 Performance of wNi,In@C in in situ aqueous phase selective hydrogenation of methyl palmitate.
Reaction condition: 330 °C, 4 g methyl palmitate, 3 g methanol, 8 g H,0, 0.4 g catalyst and 6 h
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Effect of reaction condition on performance of 0.30Ni,In@C

As indicated above, 0.30Ni,In@C shows good performance in in situ aqueous phase
selective hydrogenation of methyl palmitate to hexadecanol. The effect of reaction
condition on its performance is investigated to get high yield of hexadecanol.

The effect of reaction temperature is illustrated in Fig. 6a. The yields of hexade-
canol are 72.1, 81.3 and 80.7% at the temperature of 320, 330 and 340 °C, i.e., first
increase and then remain unchanged, while the yields of n-pentadecane and n-hexa-
decane increase. That is, raising the reaction temperature promotes decarbonylation/
decarboxylation and the dehydration of hexadecanol [35]. Additionally, the yields of
CH, and C4—C,, are all lower than 0.2% at each reaction temperature, further indica-
tive of low activity of Niln IMC for the C—C bond hydrogenolysis and methanation.

With prolonging the reaction time from 0 to 10 h (Fig. 6b), the yield of hex-
adecanol first increases and then decreases, and the highest hexadecanol yield
of 81.3% reaches at the 4th h. The yield of n-hexadecane increases from 1.5
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Fig.6 Effect of a reaction temperature; b reaction time; ¢ methanol dosage; and d catalyst dosage on
performance (conversions of methyl palmitate and methanol; carbon balance; yields of methane and
main liquid phase products) of 0.30Ni,In@C in in situ selective hydrogenation of methyl palmitate.
Reaction condition: a 4 g methyl palmitate, 3 g methanol, 8 g H,0, 0.4 g catalyst and 4 h; b 4 g methyl
palmitate, 3 g methanol, 8 g H,0, 0.4 g catalyst and 330 °C; ¢ 4 g methyl palmitate, 8 g H,0O, 0.4 g cata-
lyst, 330 °C and 4 h; and d 4 g methyl palmitate, 3 g methanol, 8 g H,0, 330 °C and 4 h

@ Springer



1632 Reaction Kinetics, Mechanisms and Catalysis (2022) 135:1621-1634

to 7.6%, while the yields of n-pentadecane are all lower than 3.6%, and the
yields of CH, and C4—C,, are both lower than 0.2%. The change in the prod-
uct distribution along with the time indicates that the main reaction pathway on
0.30Ni,In@C is hydrogenation pathway, that is, methyl palmitate — palmitic
acid — hexadecanal — hexadecanol — n-hexadecane.

In addition, the increased methanol and catalyst dosages favor the selective
hydrogenation (Fig. 6¢c, d). Reasonably, the increased methanol dosage generates
more hydrogen, while the increased catalyst dosage provides more active sites.

In all, the hexadecanol yield of 84.0% is obtained on 0.30Ni,In@C at 330 °C, 4 g
methyl palmitate, 3 g methanol, 0.6 g catalyst and reaction time 4 h. It is higher than
that (73.1%) on Ni—In/AC with the same nickel content.

Catalyst stability and regeneration

To investigate the stability of 0.30Ni,In@C, the used catalyst is recycled after wash-
ing with cyclohexane three times. As shown in Fig. S6 on the fresh catalyst (i.e., st
test), the yield of hexadecanol is 81.3%. In the first and second recycling, the yields
of hexadecanol are 73.9 and 46.3%, respectively.

In order to explore the reason for the catalyst deactivation, the used 0.30Ni,In@C
catalyst is characterized. Niln IMC and In,Oj; still exist after reaction (Fig. S7a).
That is, Niln IMC is hydrothermally stable even at 330 °C, and the average Niln
IMC particle sizes are 19.4 and 22.7 nm before and after reaction (Fig. S5). The Ni
and In contents are 27.8 and 35.1% in the fresh catalyst, respectively, and they are
26.5 and 33.8% in the used one. Thus, the sintering and leaching of the active phase
are not obvious under the harsh hydrothermal condition, which is ascribed to the
confinement of carbon. The TG profile shows about 3 wt% carbonaceous deposit on
the used catalyst, and carbonaceous deposit is also confirmed by a higher I,/I; value
for the used catalyst (Fig. S7b, c). Here, the catalyst (0.4 g) after the 3rd test was
treated by CO, at 500 °C and then reduced with H, at 550 °C to regenerate it. After
the regeneration, the mass of the residual catalyst deceases to about 0.343 g due to
the reaction between CO, and carbon. The residual catalyst shows similar reactivity
to 2nd test, giving the yields of hexadecanol of 74.2% (Fig. S6). This further implies
that the catalyst deactivation is mainly due to the carbon deposition.

Conclusion

Carbon-coated Ni and Ni—-In IMCs catalysts are successfully synthesized by the
one-pot hydrothermal method. The confinement of carbon remarkably prevents the
Ni—In IMCs particles from sintering and leaching under harsh hydrothermal condi-
tion, and Niln IMC is hydrothermally stable even at 330 °C. The formation of Ni—In
IMCs restrains the graphitization while enhances the dispersion of Ni in the carbon
nanoparticles. In Ni—In IMCs, a charge transfer occurs from In to Ni. Different from
metallic Ni that dominatingly catalyze the decarbonylation/decarboxylation, Ni—In
IMCs mainly give hexadecanol via selective hydrogenation with very low activity
for C—C bond hydrogenolysis and methanation. This is due to the geometric and
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electronic property of Niln IMC. 0.30Ni,In@C has good performance, which is
remarkably affected by reaction temperature, reaction time, methanol dosage and
catalyst dosage. The hexadecanol yield reaches 84.0% on 0.30Ni,In@C under a suit-
able reaction condition at 330 °C. The carbonaceous deposition mainly contributes
to the catalyst deactivation, while the treatment with CO, is feasible to regenerate
the deactivated catalyst.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s11144-022-02221-x.
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