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Catalytic transfer hydrogenation (CTH) of furfural (FF) to furfuryl alcohol (FFA) has received great interest
in recent years. Herein, Cu-Cs bimetallic supported catalyst, CuCs(2)-MCM, was developed for the CTH of
FF to FFA using formic as hydrogen donor. CuCs(2)-MCM achieved a [26_TD$DIFF]99.6% FFA yield at an optimized
reaction conditions of 170 �C, 1 h. Cu species in CuCs(2)-MCM had dual functions in catalytically
decomposing formic acid to generate hydrogen and hydrogenating FF to FFA. The doping of Cs made the
size of Cu particles smaller and improved the dispersion of the Cu active sites. Importantly, the Cs species
played a favorable role in enhancing the hydrogenation activity as a promoter by adjusting the surface
acidity of Cu species to an appropriate level. Correlation analysis showed that surface acidity is the
primary factor to affect the catalytic activity of CuCs(2)-MCM.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Furfuryl alcohol (FFA), as a versatile chemical intermediate
derived from lignocelluloses biomass, has beenwidely used for the
chemical manufacture, such as casting/foundry resins, pharma-
ceuticals and lubricants [1]. Selective hydrogenation of furfural
(FF) to furfuryl alcohol (FFA) is considered to be a very important
industrial process [2]. In the latest decades, improving catalyst
performance for selective hydrogenation of FF to FFA is an
important subject and it has obtained wildly attention. The Cu-
Cr catalyst have usually been used for producing FFA in industry,
yet it usually bring about environmental concern owing to the high
toxicity of Cr(VI) [3]. Besides many noble (Pd, Pt) supported
catalysts [4], numerous effort have been taken to synthesize
various Cr-free catalysts for FFA productionwith non-noble metals
(Cu, Ni and Co) [5–7]. Especially for Cu-based catalysts, such as Cu-
MgO [8] and Cu-MgO promoted with Co, Ca, or Al [6,9], Cu-Zn
mixed oxides [10], and other supported Cu-based catalysts [11] are
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most employed for the selective hydrogenation of FF to FFA. In
addition, Ni-B, Co-B, and Ni-Co-B amorphous alloys also exhibited
an excellent performance in selectivity hydrogenation of FF to FFA
[12–14]. Nevertheless, these FFA production is significantly
dependent on external H2, which consumed a large amount of
petroleum or coal resources [15,16].

Alternatively, formic acid, as a liquid hydrogen source, has
attracted great interest due to its sustainability [17,18]. However,
only a few studies refer to the application of formic acid as
hydrogen donor for the selective catalytic transfer hydrogenation
(CTH) of FF to FFA owing to the instability of FF in acid
environment. Au/meso-CeO2 obtained a [27_TD$DIFF]96% FFA yield from the
CTH of FF with HCOOK as hydrogen donor [19]. Rh/ED-KIT-6 firstly
achieved more than [28_TD$DIFF]97% FFA yield from the CTH of FF using formic
acid as hydrogen donor, however this catalyst requires a very
complex preparation process and also needs high-loading of noble
metal (50.42wt% Rh) [20]. In our previous study, [29_TD$DIFF]in-situ prepared
nano Cu-Pd/C catalyst exhibited the best performance with FFA
yield of over [30_TD$DIFF]98.1%. Meanwhile, Cu species in Cu-Pd/C catalyst was
also able to catalytically decompose formic acid to generate
hydrogen and hydrogenate FF to FFA [21].
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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In the present study, the Cr-free supported catalysts, CuCs(x)-
MCM, were prepared with varying ratio of Cu and Cs for the CTH of
FF to FFA with formic acid as hydrogen donor. Cs was used as a
promoter to Cu metal to enhance the activity of catalyst and
selectivity of FFA. The effects of different reaction parameters, such
as metal loading and different metal ratio, on the catalytic
performance were investigated to optimize the FF conversion and
FFA selectivity.

In order to clarify the function of Cu and Cs species, we design a
series of experiments, which including contrast test of catalysts,
stability test of catalyst, and a series of catalyst characterization. All
the CTH of FF to FFA was performed in a 50mL stainless steel Parr
autoclave with a magnetic stirrer. In a typical run, 0.3 g FF, 20mL
1,4-dioxane, 0.575 g FA, and 0.04 g solid catalyst were charged into
the reactor, and then the reactor was sealed. After purging with N2

for 3–5 times, the reactor was heated to the target temperature
with stirring of 500 rpm for a desired time. After the reaction, the
reactorwas cooled to room temperature quickly. The gas and liquid
samples were collected separately for subsequent analysis, and the
catalyst was recovered for detection and recycling.

In a typical experiment, the catalysts were prepared by
conventional incipient wetness impregnation method [22]. The
detail information of materials, catalyst preparation, catalyst
characterization method and products analyses were described
in Supporting information. And some experiments results, which
including catalyst screening, effect of catalyst loading on catalytic
activity, correlation analysis of factors relative to catalytic activity,
stability test of catalyst, were described in Supporting information.
The following are the key results and discussion of the catalyst
characterization.

The X-ray diffraction (XRD) patterns of the calcined and [22_TD$DIFF]in-situ
reduced catalysts are shown in Fig. 1. As shown in Fig. 1a, MCM-41
usually exhibits characteristic peaks in the range of 2u [31_TD$DIFF] = 2.2�–4.[32_TD$DIFF]0�,
thereby, almost no obvious characteristic peak of MCM-41 was
detected between 10�–80� except a shoulder peak at 2u = 23.0�,
which arose in all calcined catalysts. Other catalysts showed the
characteristic peaks of CuO at 2u = 35.5�, 38.5�, 48.4�, respectively
[23], indicating that CuO phase still remained unchanged with the
introduction of Cs. Whereas, the intensity of the CuO characteristic
peaks gradually decreased with the increasing Cs content.
Moreover, the average size of the CuO particle became larger
showed in Table S2 (Supporting information), demonstrating the
incorporation of Cs species in CuO phase. In addition, the
characteristic peak of Cs species was not detected for all catalysts,
possibly being due to the formation of amorphous Cs species or the
high dispersion of Cs species in CuO catalyst.

Fig. 1b shows the XRD pattern of the in-stiu reduced catalysts
after the reaction at 170 �C for 1 h. The diffraction peaks presented
in the XRD pattern were corresponded to Cu instead of CuO.
Moreover, a barely observed diffractionpeak of Cu2O detected at 2u [33_TD
$DIFF]=36.2� testified that CuO was reduced completely, which is
consistent with the previous work that Cu was produced at the
beginning of the reaction from the complete reduction of CuO [21].
[(Fig._1)TD$FIG]

Fig. 1. XRD patterns of the calcined (a) and [22_TD$DIFF]in-situ reduced (b) catalysts.
Furthermore, the introduction of Cs species made the intensity of
the diffraction peaks of the reduced Cu particles higher and the
peak broader, corresponding to smaller crystal size. According to
the calculation by Scherrer formula (Table S2 in Supporting
information), the size of Cu particle varies from 45.19 nm in Cu40-
MCM to 20.92–26.08 nm in CuCS(x)-MCM, especially for CuCs(2)-
MCM, which is probably brought about by the interaction between
Cu and Cs [24].

To obtain a better understanding of reaction mechanisms, the
properties of the support MCM-41 and several CuCS(x)-MCM
catalysts were analyzed via N2 adsorption-desorption, and the
results are presented inTable S2 (Supporting information). The SBET
and pore diameter of theMCM-41were 1060.58m2/g and 3.72 nm,
respectively, which favors the dispersion of active components.
Some metal particles deposited in the pore structure of MCM-41
resulted in an obvious decrease in the SBET, pore volume (Vp) and
pore diameter (Dp) of CuCs(x)-MCM. According to the N2O
oxidation analysis, the dispersion (DCu) and specific surface area
(SCu) of Cu were increased to some extent owing to the
incorporation of Cs species into Cu-MCM (Table S2 in Supporting
information).

The N2 adsorption-desorption isotherms of the support MCM-
41 and CuCs(x)-MCM catalysts are shown in Fig. S1a (Supporting
information). The N2 adsorption-desorption isotherms of all
catalysts exhibited Langmuir type IV isotherms with a H1-type
hysteresis loop, suggesting that these catalysts still retained
orderedmesoporous structure similar to that of the support MCM-
41 after the Cu and Cs specieswere introduced intoMCM-41. This is
the crucial property for the activity and stability of catalyst.
Moreover, CuCs(x)-MCM exhibited a narrower pore size distribu-
tion for the introduction of Cs species (Fig. S1b [34_TD$DIFF]in Supporting
information[35_TD$DIFF]), meaning that the pore size of the catalysts is quite
uniform [25]. These results also confirm that the Cu and Cs species
was successfully loaded on the surface of support MCM-41.

For further understand the morphology of catalyst, some
samples was analyzed by scanning electronic microscopy (SEM)
and transmission electronmicroscopy (TEM). Fig. 2 shows the SEM
image of the calcined and the in-situ reduced CuCs(2)-MCM. The
smooth surface of the calcined CuCs(2)-MCMand no obviousmetal
particles were observed (Fig. 2a), which was similar to that of the
MCM-41 support. However, uniform and fine metal particles were
observed on the surface of in-situ reduced CuCs(2)-MCM (Fig. 2b).
According to the previously study, the [36_TD$DIFF]in-situ reduction of CuO in
formic acid system involved two steps: firstly, CuO was dissolved
into Cu2+, and then the Cu2+ was reduced to Cu [21]. Therefore, it is
inferred that the visible metal particles on the catalyst surface are
bimetallic nanoparticles. Furthermore, O, Si, Cu and Cs elements
were detected from the randomly selected two particles on the in-
situ catalyst by Energy dispersive Spectrometer (EDS) EDS element
analysis (Fig. 2c). The relative content of these elements was
relatively stable, signifying that the active element distribution is
uniform in the catalyst prepared by in-situ reduction.

In order tomore clearly observe themorphology of the CuCs(2)-
MCM catalyst, the calcined and the [22_TD$DIFF]in-situ reduced CuCs(2)-MCM
were analyzed by TEM test. As shown in Fig. 2d, the ordered
network structure of support MCM-41 was clearly observed in the
two different samples, suggesting a good thermal stability of the
support during the preparation of the catalyst. Obvious particles
ranged from 50 nm to 150 nm were also clearly observed on the
surface of the support (Fig. 2e), which may be the active Cu
particles modified by Cs species. This is consistent with the SEM
analysis. In-situ CuCs(2)-MCM and the catalyst reused for 7 times
were analyzed by TEM. The average diameter of Cu particles
slightly increased from 35.1 nm in in-situ CuCs(2)-MCM to 45.8 nm
in reused CuCs(2)-MCM reused for 7 times (Fig. S2 in Supporting
information), which probably contributes to the slightly decrease
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Fig. 2. SEM image of the calcined (a) and in-situ reduced (b) CuCs(2)-MCM and EDS
element analysis (c) for the in-situ reduced CuCs(2)-MCM. TEM images of the
calcined (d) and in-situ reduced (e) CuCs(2)-MCM.
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in the yield of FFA after the catalyst was reused for 7 times. This
result is consistent with the recyclability of CuCs(2)-MCM catalyst
for the CTH of FF into FFA.

Then, we analyzed the catalysts with H2-Temperature Pro-
grammed Reduction (TPR). In the previous study, the reduction
temperature of small CuO particles with good dispersion is lower
than that of large particles [26]. As shown in Fig. S3 (Supporting
information), Cu40-MCMwithout Cs species incorporation showed
[(Fig._3)TD$FIG]

Fig. 3. XPS spectra of Cu 2p (a), high-resolution photoelectron [23_TD$DIFF]spectra of Cu 2p (b), (c), (d
MCM catalysts, and high-resolution photoelectron spectrum of Cu 2p (g) and Cs 3d (h
two reduction peaks at 250 �C and 193 �C, respectively. While for
CuCs(x)-MCM with different ratios of Cu:Cs, only one reduction
peakwith a narrowwidthwas presentedwith decreased reduction
temperature. It is reasonably inferred that the smaller CuO
particles is formed due to the introduction of Cs species, improving
the dispersion of CuO on the surface of MCM (Table S2 in
Supporting information). Undoubtedly, interaction between Cu
and Cs element did its work during calcination. This result is
similar to that of the XRD analysis. It is also consistent with
previous report that doping the reduction temperature of CuO is
declined with the doping of metal elements [27,28].

It is generally known that the surface acidity of Cu-based
catalyst has great effect on the CTH of FF. Acidic site with strong
oxophilic property on the surface of Cu-based catalyst contributes
to the hydrogenolysis of saturated C��Obonds [29,30], which is not
beneficial for the hydrogenation of FF to FFA. Therefore, modifying
the acidity of the Cu-based catalyst by doping other metal
elements or loading on different supports facilitates the selective
hydrogenation of FF to FFA. In this case, the acidity of the in-situ Cu-
based catalysts were analyzed by NH3-Temperature Programmed
Desorption (TPD). As shown in Fig. S4a (Supporting information),
the pure Cu catalyst possessed both weak acid and strong acid
sites, while the MCM-41 support had hardly any acidic sites. But
Cu40-MCM presented a broad NH3 desorption peak at high
temperature centered at 504 �C, showing a strong interaction
between Cu and support MCM-41. Moreover, the acid distribution
of the Cu-based catalyst is affected significantly by MCM-41 [29].
Once the Cs species was introduced into the Cu-MCM-41 catalyst,
the NH3 desorption temperatures of CuCs(x)-MCM were signifi-
cantly decreased (299�338 �C) and the strong acidity was
restrained. In general, the NH3 desorption temperature of
CuCs(x)-MCM were variable, whereas CuCs(2)-MCM had the
lowest one, indicating that the ratio of Cu:Cs also has great
influence on the acid distribution on the surface of the catalyst
(Fig. S4b in Supporting information).

For further clarify the roles of Cu and Cs in the CTH of FF to FFA.
The chemical states of Cu and Cs on the catalyst surface were
analyzed by X-ray photoemission spectroscopy (XPS) characteri-
zation. The XPS spectra of the calcined catalysts CuCs(x)-MCM are
presented in Fig. 3a. The photoelectron peaks around 934.5 eV (Cu
2p3/2) and 952.6 eV (Cu 2p1/2), as well as the characteristic satellite
peaks in the range of 942.0–944.0 eV for all samples, showed that
Cu element in the calcined CuCs(x)-MCM was in an oxide state.
) and (e) of the calcined CuCs(x)-MCM catalysts and Cs 3d (f) of the calcined CuCs(x)-
) of the in-situ CuCs(2)-MCM catalyst.
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However, the deconvolution of Cu 2p3/2 in CuCs(x)-MCMpresented
two peaks, including the electron binding energy of Cu2+ and Cu0/+

between 933.8–934.0 eV and 929.3–931.5 eV, respectively. The
electron binding energy of Cu2+ in CuCs(x)-MCM was significantly
lower than that in Cu40-MCM (934.5 eV) owing to the doping of Cs
(Figs. 3b–e), inferring a probable electron transfer from Cs to Cu
[31,32], which led to the decline in the surface acidity of the Cu
catalyst. Especially, the reduced Cu0/+

[37_TD$DIFF] observed in CuCs(x)-MCM
suggested that Cs provided the electron transfer and effected the
chemical state of Cu species. Compared with the standard electron
binding energy of Cs (Binding energy of Cs 3d5/2 is 724.0 eV), the
binding energy of Cs 3d5/2 shifted to 724.6–725.5 eV from 724.0 eV
(Fig. 3f), further confirming an electronic effect between Cs and Cu.
And the photoelectron peaks around 932.6 eV (Cu 2p3/2) and
952.6 eV (Cu 2p1/2), as well as the characteristic satellite peaks in
the range of 942.0–944.0 eV for in-situ CuCs(x)-MCM, showed that
Cu element in the in-situ CuCs(x)-MCM was in mental state
(Fig. 3g). Compared with the standard electron binding energy of
Cu (Binding energy of Cu 2p3/2 is 732.6 eV, Cu 2p1/2 is 752.6 eV), the
binding energy of Cu 2p3/2 shifted to 732.2 eV from 732.6 eV, and
the binding energy of Cu 2p1/2 shifted to 752 eV from 752.6 eV in
in-situ CuCs(2)-MCM (Fig. 3g). And compared with the standard
electron binding energy of Cs (Binding energy of Cs 3d5/2 is
724.0 eV), the binding energy of Cs 3d5/2 shifted to 725 eV from
724.0 eV (Fig. 3h), further confirming an electronic effect between
Cs and Cu.

From the above analysis results, the possible reaction path of
CTH of FF to FFA on the CuCs-MCM catalyst was summarized as
following. Previous study suggests copper ion also can decompose
formic acid to generate [38_TD$DIFF]in-situ hydrogen [33] and further form
copper hydride [34]. Therefore, based on the analyses in this study
and previous studies on the hydrogenation of FF, the plausible
reaction mechanism for the CTH of FF to FFA is proposed, as
illustrated in Scheme 1. Initially, CuO is dissolved by FA to form
Cu(HCOO)2, which is adsorbed on the surface of the Cs/MCM [21].
Then, the HCOO� species are decomposed by Cu2+ to form Cu2+-H
species along with the release of CO2. Subsequently, the Cu2+ is in-
situ reduced by Cu2+-H species to nano Cu, which uniformly
distributes on the Cs-MCM surface and forms CuCs-MCM. In
addition, lower valence state of copper favors the decomposition of
formate [20], CuCs-MCM undertakes dual roles of decomposing
formate and hydrogenating FF to FFA. FF is adsorbed by the Lewis
acidic sites on the surface of the CuCs-MCM through carbonyl
[(Scheme_1)TD$FIG]

Scheme 1. The possible reaction path of CTH of FF to FFA on the CuCs-MCM catalyst.
oxygen atom [33,35]. Finally, the hydrogen atoms on the Cu-Cs
alloys surface are transferred to the carbonylcarbon of FF, resulting
in the formation of FFA.

From all the results and discussion, we think we have
demonstrated an efficient and extremely durable CuCs(2)-MCM
catalyst for the selective CTH of furfural (FF) to furfuryl alcohol
(FFA) using formic as hydrogen donor. CuCs(2)-MCM achieved a [26_TD$DIFF]

99.6% FFA yield at an optimized reaction conditions of 170 �C, 1 h.
Cs species played a favorable role in enhancing the hydrogenation
activity as a promoter by adjusting the surface acidity of Cu catalyst
to an appropriate level. Moreover, the doping of Csmade the size of
Cu particles smaller and improved the dispersion of the Cu species.
The good hydrothermal stability and ordered mesoporous
structure of MCM-41 support was essential to ensure the stability
and reusability of CuCs-MCM. Correlation analysis showed that
surface aciditywas the primary factor to affect the catalytic activity
of CuCs(x)-MCM compared with the dispersity, specific surface
area and particle size of Cu species in CuCs-MCM.
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