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A Fe-based catalyst exhibits extremely high selectivity (89.6%) besides

excellent catalytic activity in gas-phase dimethyl oxalate hydrogena-

tion. The ethanol formation occurs via hydrogenation of methyl

acetate instead of ethylene glycol over the active species Fe5C2.

Methyl glycolate (MG), one of the intermediate products of
dimethyl oxalate (DMO) hydrogenation, comprises both CQO
and C–O bonds with different chemical properties, resulting in
difficulties in selective hydrogenation. Recent studies have
shown that Cu-based catalysts have excellent activity in the
hydrogenation of the CQO bonds of the intermediate MG to
ethylene glycol (EG), which can be subsequently hydrogenated
to ethanol (EtOH) at higher temperature.1 However, copper
catalyst presented insufficient selectivity to ethanol due to the
formation of C3–4OH (including butanol, isobutanol, propanol
and isopropanol) by the Guerbet reaction.3 Furthermore, these
catalysts had to be used at higher temperatures (543–553 K) to
facilitate the formation of EtOH, leading to the accelerated
agglomeration of copper species. Therefore, the poor stability
of copper is also one of the great challenges for this ethanol
synthesis route.2,3 Recently, metal carbides have been attractive
because of their remarkable catalytic behaviours in many
hydrogenation reactions.1–4 Liu et al.5 reported that silica-
supported molybdenum carbide (Mo2C/SiO2) showed high activity

in the hydrogenation of DMO to EtOH. However, the Mo2C/SiO2

catalyst was also highly active in the C–C cleavage of DMO
simultaneously, resulting in the generation of undesired methanol
with a selectivity of 19.4%.5 Therefore, inhibiting the C–C cleavage
of DMO is the key challenge for the industrial application of the
Mo2C-based catalyst in the selective hydrogenation of DMO to
ethanol. Due to similarity in the application of Mo carbides and
Fe carbides, especially the low cost of Fe carbides, the latter
might be a suitable catalyst for the preferential synthesis of
EtOH via DMO hydrogenation.

Generally, the catalysts (e.g. Cu, Ag, and Au) for the hydro-
genation of DMO were supported on some porous oxide materials
such as SiO2, Al2O3 and ZnO.1,6,7 In this work, we synthesized bulk
Fe carbide catalysts by precipitation followed by carbonization in
a methanol–H2 mixture, which is a novel and facile route for the
synthesis of FeCx NPs compared to the conventional harsh
synthesis approach.8–10 Significant improvements in the activity
and selectivity to EtOH are achieved at lower reaction tempera-
ture. Moreover, the formation of the Fe5C2 species and its role in
the hydrogenation of DMO to ethanol were revealed as well.

To identify the formation mechanism of Fe carbides, the
phase transition of the iron species in various steps of the
preparation procedure was detected by the X-ray diffraction
technique (XRD). As shown in Fig. 1A, the diffraction peaks of
the sample calcined in air at 673 K are attributed to the a-Fe2O3

Fig. 1 (A) XRD patterns of catalyst precursors: (a) as-calcined catalyst pre-
cursor; (b) as-reduced catalyst precursor. (B) XRD patterns of as-carbonized
catalysts: (a) 493K–Fe; (b) 513K–Fe; (c) 533K–Fe; (d) 553K–Fe.
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phase. Subsequently, upon reduction by H2 at 653 K, the
sample shows only characteristic peaks of metallic Fe at 451
and 661, indicating the transition of the a-Fe2O3 phase to metallic
a-Fe (line b in Fig. 1A). The reduced samples are further carbonized
in an environment of gaseous methanol and hydrogen at various
temperatures (the carbonized samples were denoted as xK–Fe,
where x stands for the carbonization temperature, which is 493,
513, 533 or 553). The diffraction peaks of these samples in the
range of 30–701 can be obviously detected (Fig. 1B, a–d), which can
be ascribed to the characteristic of the Fe5C2 species. The XRD
pattern of 533K–Fe (Fig. S2, ESI†) was found to be well consistent
with the Fe5C2 structure ( JCPDS no. 36-1248). Therefore, it implies
that Fe5C2 can be easily generated by carbonization of a-Fe NPs in
methanol–H2 flow.

Moreover, the carbonization temperature shows an apparent
influence on the formation of Fe carbides. As shown in Fig. 1B,
with increasing carbonization temperature, the intensity of the
diffraction peaks of metallic Fe at 2y = 451 and 661 is greatly
reduced. Meanwhile, the characteristic peaks for Fe5C2 are
significantly enhanced, indicating that a higher carbonization
temperature favors the formation of Fe5C2. Moreover, the peak
intensity of the 553K-Fe catalyst is similar to that of 533K-Fe.
It demonstrates that carbonization treatment at about 533 K is
enough for the conversion of metallic Fe into the Fe5C2 phase.

Meanwhile, the mean particle sizes of iron carbide NPs
follow the order 533K–Fe 4 513K–Fe 4 and 493K–Fe, which
were calculated using the Scherrer equation based on the
FWHM of the diffraction peak of Fe5C2 at 2y = 40.81. This
finding indicates that the aggregation of Fe5C2 particles may
occur as the carbonization temperature increases from 493 to
553 K. In addition, it implies that the samples could not be
completely carbonized by the methanol–H2 mixture under the
given conditions, since the characteristic peaks for metallic Fe
were observed in the carbonized samples. These results coincide
well with that obtained from the following MES characterization.

The microstructures and size of the Fe-based catalyst are
characterized by TEM analysis. Fig. 2A clearly shows the isolated
ellipsoid NPs of Fe species before reduction and carbonization.
The size of these particles ranges from 40 to 50 nm. After
reduction at 653 K and carbonization in a methanol–H2 mixture
at 533 K, changes in morphology and particle agglomeration are
observed in the TEM image (Fig. 2B). As shown in Fig. 2D, the
lattice spacing between the neighbouring fringes is 0.205 nm,
which should be ascribed to the (510) plane in monoclinic
Fe5C2.11 These issues are also evidenced by the above XRD
results. Furthermore, it can also be observed that the surface
of the Fe5C2 NPs is slightly covered with amorphous carbon.
Therefore, the Fe5C2 NPs should be encapsulated by a shell of
amorphous carbon after carbonization treatment, which was
also reported by Yang et al.12

Mössbauer spectroscopy (MES) is a powerful tool to ascertain
the accurate structure of iron phases, and the distribution of
iron-based materials. Prior to MES characterization, the catalyst
samples (xK–Fe, x = 513, 533 and 553) were obtained by
carbonization in methanol–H2 flow at three different tempera-
tures: 513 K, 533 K and 553 K, respectively. The MES results are

shown in Fig. S1, ESI† and Table 1. Metallic iron is identified
based on the sextet with a hyperfine magnetic field (Hhf) of 32.9–
33.4 T.13 The sextets with a Hhf of 10.4–21.7 T could be attributed
to Fe5C2.14–16 There is a super paramagnetic (spm) doublet with an
isomer shift (IS) of 1.91 mm s�1 and a quadrupole splitting (QS) of
1.81 mm s�1 attributable to the Fe2+ species. It indicates that the
content of Fe5C2 species significantly increased from 53.24% in the
513K–Fe catalyst to 85.68% in the 533K-Fe catalyst. Upon further
increasing the carbonization temperature, the total amount of
Fe5C2 species in 553K-Fe catalysts (93.7%) is slightly higher than
that in 533K-Fe catalysts (85.69%). These results agree well with
the changes in Fe5C2 species revealed by XRD characterization.

The Fe-based catalysts were applied in the synthesis of
ethanol via vapor-phase DMO hydrogenation and the results

Fig. 2 TEM images of 533K–Fe: (A) as-calcined catalyst precursor;
(B) as-carbonized catalyst; (C and D) HRTEM images of the as-carbonized
catalyst.

Table 1 Mössbauer parameters of the carbonized catalystse

Sample
ISa

(mm s�1)
QSb

(mm s�1)
Hhf

c

(T)
Aread

(%) Assignment

513K–Fe 0.25 0.09 21.71 22.26 Fe5C2(I)
0.20 �0.01 18.85 16.78 Fe5C2(II)
0.12 �0.05 10.42 14.20 Fe5C2(III)
0.00 0.01 33.43 35.34 Fe
1.19 1.82 — 11.42 Fe2+

533K–Fe 0.25 0.08 21.61 28.62 Fe5C2(I)
0.21 0.02 19.11 26.79 Fe5C2(II)
0.12 �0.05 10.42 30.27 Fe5C2(III)
0.00 0.01 33.27 7.55 Fe
1.19 1.81 — 6.77 Fe2+

553K–Fe 0.22 0.08 21.66 38.86 Fe5C2(I)
0.20 0.01 19.13 35.63 Fe5C2(II)
0.12 �0.05 10.42 21.11 Fe5C2(III)
0.00 0.04 32.91 4.54 Fe
1.19 1.81 — 1.85 Fe2+

a Isomer shift (relative to Fe). b Quadrupole splitting. c Hyperfine magnetic
field. d Relative spectral area. e All the catalyst samples were carbonized at
a total pressure of 2.5 MPa for 24 hours in an environment of gaseous
methanol and hydrogen.
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are shown in Fig. 3. In order to elucidate the activity contribut-
ing to DMO hydrogenation, both low temperature and high
temperature hydrogenation have been performed. The catalytic
performance of xK-Fe catalysts was first examined at a reaction
temperature of 473 K, which was much lower than the carbon-
ization temperature so that further carbonization could be
avoided during the reaction. The catalyst sample 493K-Fe yields
the lowest activity in the hydrogenation of DMO, among the
as-prepared Fe-based catalysts. With the increase of the carbon-
ization temperature, the conversion of DMO increased signifi-
cantly. But DMO conversion can be hardly increased when the
carbonization temperature is higher than 533 K. According to
the results of characterization, the increasing carbonization
temperature leads to the increase of Fe5C2 species in xK–Fe
catalysts. Therefore, it can be deduced that Fe5C2 species might
be the key active sites for the hydrogenation activity of Fe-based
catalysts. Apparently, in the case of 533K–Fe and 553K–Fe
catalysts, the conversion of DMO and selectivity of MG, MA
and EtOH are almost the same, which appears to be well
explained by the results of MES and XRD characterization
mentioned above. Although the contents of Fe5C2 species in
553K-Fe catalysts (93.7%) are a little higher than the 533K-Fe
catalysts (85.68%), they could probably provide identical
amounts of Fe5C2 active sites because the measured DFe5C2

of
553K-Fe catalysts (30.7 nm) is larger than that of 533K-Fe
catalysts (26.1 nm). So, the 533K-Fe and 553K-Fe catalysts
present comparable catalytic performances. It was also suggested
that 533 K is the optimum temperature for the carbonization of
Fe-based catalysts. Interestingly, the 493K-Fe catalyst shows the
highest selectivity to EtOH and the lowest selectivity to MG
although its apparent activity is the lowest among the four
catalysts. The big difference in reaction rates among the tandem
reactions might be the reason. Due to the lower conversion of
DMO on the 493K-Fe catalyst, we can assume that this catalyst
could not supply enough active sites for the activation of DMO
since Fe5C2 species are the lowest in this catalyst, thus leading to
the lower DMO hydrogenation rate. The extremely low MG
selectivity might be because of the higher activity of this catalyst
in the further hydrogenation of MG. Meanwhile, no EG was
formed on the catalysts and MA selectivity was significantly high,
suggesting that MG was preferentially hydrogenated through the
activation of C–O instead of the CQO bond. The selectivity to

EtOH shows an apparent decrease with the carbonization tem-
perature of the catalysts, which can be ascribed to the insufficient
active sites for the further activation of MG or MA. Estimating the
intrinsic reaction rate of these reactions will help in understand-
ing the changes in the product distribution on various catalysts.
But this issue is just beyond the scope of this topic.

The vapor-phase DMO hydrogenation over the Fe-based
catalyst results in a remarkable difference in the reaction route,
compared to that achieved over the traditional Cu-based
catalyst. As previously reported in the hydrogenation of DMO
over the Cu-based catalyst at 473 K, MG was firstly synthesized,
which could be subsequently hydrogenated to EG with a
selectivity as high as 96% by the adsorption of its CQO bonds.
But there was hardly any MA formed in this process. When the
reaction temperature was increased from 473 to 553 K, ethanol
(selectivity B 83%) was formed via further hydrogenation of
EG. But some byproducts such as 2-butanol, butanol and
propanol (total selectivity B 10–20%) were also generated
through the Guerbet reaction on the basic sites of Cu/SiO2.1

Fig. 4A presents the performance of the 533K-Fe catalyst for
DMO hydrogenation as a function of reaction temperature
(473–553 K). As the temperature increases, the selectivity to
ethanol was significantly improved accompanied by the
decrease in the selectivities to MA and MG. It is noteworthy
that EG can be nearly ignored in the reaction products in the
case of this Fe-based catalyst. The formation of a larger amount
of MA suggests that C–O bonds of MG can be easily activated
than CQO bonds by Fe5C2 catalysts. Therefore, the generation
of EtOH via DMO hydrogenation over this carbonized Fe-based
catalyst could be likely via further hydrogenation of intermediate
MA instead of EG (as shown in Scheme 1). A similar reaction
route for the hydrogenation of DMO to EtOH has also been
proposed by Liu et al. over the Mo2C/SiO2 catalyst.5 This
reaction route is different from that over the copper-based
catalyst which favours the activation of CQO on Cu+ sites;
thus, intermediate MG is mainly hydrogenated to EG instead of
MA.1–3 In the synthesis of ethanol via DMO hydrogenation, the
Fe-based catalyst not only shows superior DMO conversion
(100%) and remarkably high EtOH selectivity (89.8%), but also
a lower reaction temperature compared with the copper-based
catalysts.

Fig. 3 Effect of carbonization temperature on the catalytic performance
of xK–Fe. Reaction conditions: T = 473 K, P(H2) = 2.5 MPa, H2/DMO = 180,
WHSV = 0.2 h�1.

Fig. 4 DMO hydrogenation over the 533K-Fe catalyst as a function of (A)
reaction temperature (2.5 MPa, WHSV = 0.2 h�1, H2/DMO = 180 (mol mol�1)).
(B) WHSV (2.5 MPa, 533 K, H2/DMO = 180 (mol mol�1)). Inset: Stability
of the 533K-Fe catalyst (2.5 MPa, 533 K, H2/DMO = 180 (mol mol�1),
WHSV = 0.2 h�1).
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For the convenience of a comparison with the Mo2C/SiO2

catalyst, the reaction was conducted by varying the WHSV of
DMO. As shown in Fig. 4B, with the increase of WHSV from
0.2 to 0.8 h�1, the conversion remained constant at 100% and
the selectivity to ethanol gradually decreased from 90% to 80%
for the Fe-based catalyst. However for Mo2C/SiO2, when the
WHSV increases up to 0.5 h�1, the selectivity to ethanol
dramatically declined to less than 10%.5 Additionally, we did
not find the additional formation of methanol on the Fe-based
catalyst, which presents an obvious advantage in preventing
DMO from dissociation via the C–C bond compared to the
Mo2C/SiO2 catalyst. Moreover, the Fe carbide catalyst exhibits
excellent stability in the hydrogenation of DMO to ethanol
(inset in Fig. 4B). Therefore, the Fe carbide catalyst might be
a suitable catalyst for the preferential synthesis of ethanol from
DMO, due to its superior catalytic performance from an industrial
viewpoint.

In conclusion, Fe-based catalysts carbonized by the methanol–H2

method exhibit noteworthy improvements in both hydrogenation
activity and EtOH selectivity. The formation of a larger amount of
MA and a trace of EG suggests that C–O bonds of MG can be easily
activated than CQO bonds by this Fe-based catalyst. Therefore,
ethanol can be preferentially synthesized from DMO via the hydro-
genation of intermediate MA instead of EG on the Fe carbide
catalyst. It was also found that higher carbonization temperature
favours the formation of Fe5C2 species, which are considered as the
important active sites for the reaction. The Fe-based catalyst carbon-
ized at 533 K exhibited superior catalytic performance and stability
with a significantly high ethanol selectivity of 89.6%. This work
might provide a meaningful inspiration on catalyst design to

achieve high activity, selectivity and stability in the preferential
synthesis of ethanol via DMO hydrogenation.
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