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ABSTRACT: Small Fe—Cu nanoparticles (NPs) (about 1 nm) supported at a high loading (over 10 wt
%) on N-doped graphitic carbon have been prepared in a single pyrolytic step from chitosan adsorbing
Cu®* and Fe®" salts. The presence of N atoms appears to be crucial in the formation of small-sized
metallic NPs. Interactions between Fe and Cu are reflected by a shift in the binding energy to higher
(Fe) or lower (Cu) values and by H, thermo-programmed reduction measurements, showing a new
reduction peak at intermediate temperature (375 °C) between that of Cu (175 °C) and that of Fe (450
°C). Fe—Cu NPs embedded within the N-doped graphitic carbon matrix are extremely active (TOF
315 h™") and selective (no CO detected) catalysts for methanol reforming in the aqueous phase with
stoichiometric H,O amounts to H, and CO,. The results achieved with Fe—Cu compare favorably with
those reported in the literature for catalysts based on Pt, Pd, or Ru.

KEYWORDS: heterogeneous catalysis, aqueous phase reforming, hydrogen from methanol, liquid hydrogen organic carrier,
N-doped graphitic carbon as a support

Bl INTRODUCTION combined methanol formation/methanol decomposition cycle
acts as a liquid hydrogen carrier system.

Hydrogen release from CH3;OH can be performed by
reacting methanol and water in the liquid phase (aqueous
phase methanol reforming). The process requires of a catalyst

In the context of the shift from fossil fuels to decarbonized
energy, hydrogen is among the most promising alternative
energy vector for transportation.’ The main problem to

implement hydrogen as automotive fuel is its low volumetric to take place under mild conditions at adequate rates.
energy density, when employed as compressed gas.” Among Compared to other LOHCs, the aqueous phase reforming
the various strategies to load hydrogen for transportation, one process has the advantage of higher hydrogen loading, no need
of the most appealing approaches consists in the use of a liquid to recover the hydrogen-depleted products to be recycled and
organic compound that by decomposition gives rise upon- water compatibility, making the whole process more
demand to on-board hydrogen. Various organic compounds convenient from the environmental point of view.

Similar to formic acid decomposition,” most of the catalysts
reported so far for aqueous phase methanol reforming are
based on noble or semi-noble metals, such as Pt and Ru.’
Catalysts based on non-noble metals mostly contain Ni and Ni
with dopant elements (Ce, Zr, and La) supported on metal
oxides such as alumina and zirconia.” In more recent years,
graphene has become also among the preferred supports for

have been proposed as liquid organic hydrogen -carriers
(LOHCs), including hydrogenated aromatic compounds and
heterocycles.” Among these LOHCs, one that has attracted
considerable attention due to its high hydrogen loading is
methanol.* Besides self-decomposition, the reaction of
methanol with water (methanol reforming) gives an additional

hydrogen molecule from water and forms CO, (Scheme 1). metal nanoparticles (NPs) due mainly to its large surface area
When methanol is obtained from CO,, the footprint of the and the strong metal—graphene interaction that stabilizes
methanol formation—methanol reforming process is neutral, metal NP size under reaction conditions and tunes electron
thus, meeting the requirement of decarbonized energy. The density at the metal NPs.® The presence of defects and doping

on graphene can generally play a positive role in not only

Scheme 1. Catalytic Methanol Reforming Releasing H,
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Scheme 2. Preparation Procedure of the Fe—Cu@(N)C Samples under Study”
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(i) Precipitation in NaOH solution of chitosan spheres; (ii) water/ethanol exchanges and subsequent metal salt adsorption in ethanol; (iii)
supercritical CO, drying; and (iv) pyrolysis in a horizontal electrical oven under an Ar flow.

Table 1. Main Analytical and Physicochemical Parameters of the Fe—Cu@(N)C Samples under Study

sample no. Cu (wt %) Fe (wt %)“ total Cu + Fe (wt %)“
1 15.1 15.1
2 13.0 13.0
3 8.2 2.5 10.7
4 3.4 14.6 18.0
S 122 6.2 18.4

molar

ratio (Cu/Fe) N (wt %)” C (wt %)° average particle size (nm)°
4.3 719 14 +£03
(5.9)
32 76.0 1.1 £03
(65)
29 4.2 69.7 1.1 £02
(5.4)
0.1 2.3 74.2 1.3 +£ 04
(6.2)
1.7 >100
(89.7)

“Determined by inductively coupled plasma-atomic emission spectroscopy analysis after dissolving the metals in aqua regia. b1t is assumed that the
difference to 100% is residual oxygen. “Determined from the DF-TEM images or from XRD (values in brackets).

increasing the metal—graphene interaction strength but also
cooperating to the catalysis by providing additional sites to
adsorb and activate substrates and reagents.”

Herein, the catalytic activity of small Fe—Cu NPs (1—2 nm)
wrapped on N-doped graphene to promote the aqueous phase
methanol reforming is presented. The role of nitrogen on
graphene allowing the formation of highly active small metal
NPs as well as the benefits of metal combination by tuning the
electron density transfer of the active sites will be commented.
It is worth noting that while different Cu alloys have been
reported in catalysis, the combination of Cu and Fe has
remained almost unexplored.'® It will be shown that the
combination Fe—Cu exhibits an activity for aqueous methanol
reforming higher than an analogous catalyst based on the much
more widely studied Cu—Zn combination, thus surpassing the
current benchmark catalyst in the area.

B RESULTS AND DISCUSSION

The samples under study were prepared by impregnation of
chitosan alcogels with the corresponding Cu and Fe salts
dissolved in ethanol in various Cu/Fe atomic proportions
(Table S1 in Supporting Information). After metal adsorption,
the resulting metal containing chitosan microspheres of
submillimetric diameter were dried with supercritical CO,.
This procedure is known to render highly porous, high-surface
area chitosan powders.'" This is due to the loose packing of
chitosan fibrils when the sample is dried in supercritical CO,,
by avoiding strong hydrogen bonding.'* The final step in the
synthesis consists in the pyrolysis at 900 °C under an inert
atmosphere, converting chitosan into N-doped defective
graphene.'” At the same time, due to the reducing conditions
of the pyrolysis, the Cu®* and Fe** ions are simultaneously
reduced to their metallic state forming fine NPs, similar to
what has been reported in the literature and denoted as
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carbochemical metal reduction.'* The synthesis process is
illustrated in Scheme 2. Table 1 lists the samples of Cu, Fe, and
their combinations under study. As it can be seen in this Table
1, two of the samples only contain Cu and Fe, while other
three are combinations of Fe—Cu metal in different Cu/Fe
atomic ratios from about 2.9 to 0.1.

The samples prepared were aimed at having similar total Cu
+ Fe metal loadings, varying the Cu/Fe atomic ratio. However,
unavoidable variations in the total metal content due to the
differences in metal adsorption and variations in the exact mass
loss during pyrolysis [steps (ii) and (iv) in Scheme 2] were
measured by chemical analysis. In any case, the average particle
size, which is a relevant parameter influencing the catalytic
activity, was similar in all cases with an average diameter
slightly above 1 nm. Table 1 also includes a similar Fe—Cu
sample prepared using alginate instead of chitosan (sample 5).
Alginate is a polysaccharide of guluronic and mannuronic
acids, and it does not contain N in its composition. In
comparison, chitosan is the homopolymer of glucosylamine
and has about 8 wt % N in its composition. Part of this N
content remains in the resulting graphene, as confirmed by
combustion chemical analysis (see Table 1) and X-ray
photoelectron spectroscopy (XPS). The set of catalysts was
prepared with the purpose of comparing the catalytic behavior
of the samples depending on the presence of nitrogen atoms as
the dopant element. Importantly, a salient observation was that
the particle size for the samples containing a defective graphitic
carbon matrix lacking nitrogen was considerably much larger
about 100 nm than the size of the Fe—Cu NPs embedded
within N-doped graphitic carbon matrix that are about 1 nm.

X-ray diffraction (XRD) patterns indicate that after
pyrolysis, the materials are constituted by independent metallic
Cu (fcc) and Fe (bcc) phases with no real random alloy since
there are no obvious shifts in the position of the most
important XRD peaks of both pure metals. Figure 1 illustrates

https://doi.org/10.1021/acsaem.2c01806
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Figure 1. XRD patterns [Fe] and Raman spectra (b) of catalysts 1 to 5. Part (a) also includes the diffraction pattern of sample 3 after being used as

a catalyst five times.
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Figure 2. High-resolution XPS Cu 2p;/, (a) and Fe 2p,, (b) peaks of catalyst 3 and the corresponding best fitting to single components.

the metallic phase and the lack of random alloying of the
samples under study. An average particle size was determined
from the peak width by applying the Scherrer equation. The
results are given in Table 1.

The graphitic nature of the carbon matrix formed in the
pyrolysis was confirmed by Raman spectroscopy (Figure 1)
where the three characteristic vibration peaks at 2750, 1590,
and 1350 cm™! corresponding to 2D, G and D bands recorded
in graphitic carbons were observed. Interestingly, the presence
of a weak band in the low-frequency spectra zone about 668
cm™, mainly observed for the samples containing Fe, would
indicate the presence of metal oxides (particularly FeO,). It is
proposed that this MO, would correspond to a thin outermost
external layer of metal NPs due to the exposure to ambient
oxygen. However, the weak intensity of this Raman band,
together with the XRD patterns corresponding to metallic
elements, indicates that this MO, oxide overlayer should be a
minor proportion of the metallic elements.

In spite that Cu and Fe are in separate phases, they should
be in close proximity embedded within the graphitic carbon
matrix, probably establishing an interaction. The interaction
between the Cu and Fe is clearly revealed by XPS analysis.
Figure 2 shows the XPS the Cu 2p and Fe 2p peaks of sample
3, while Tables S2 and S3 in the Supporting Information
collects the XPS data for all the samples under study. This
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surface technique shows the presence of the expected peaks
corresponding to C 1s, O 1s, and N 1s with a distribution of
families in agreement with the previous reports for N-doped-
defective graphenes derived from chitosan and their relative
proportions (see Figure S1 and Table $2).'*'* For Cu and Fe,
deconvolution of the experimental Cu 2p and Fe 2p peaks
reveals the presence of these metals in various oxidation states
(see Figure 2). The presence of these oxidation states is
common in metal NPs and corresponds to metal atoms at the
most external layers of metal NPs exposed to the ambient as it
has been reported for related metal NPs on the same graphitic
carbon matrix.'®"” Thus, these XPS data agree with the
previously commented Raman spectra. However, oxidation
states higher than the metallic state should be minor according
to XRD patterns that correspond to Cu and Fe metal
Importantly, the binding energy values for the Cu’ component
increase from 930.8 eV corresponding to the Cu metal in
sample 1 (only Cu) to 931.6 eV when Cu and Fe are
simultaneously present in sample 3. On the contrary, the major
Fe component (Fe'") decreases from the 711.3 eV in sample 2
(only Fe) to 710.4 eV in sample 3, in which there should be a
Cu—Fe interaction. This comparison of XPS of samples 1 and
2 with the other samples provides quantitative data on the
Cu—Fe interaction when the two metals are present.

https://doi.org/10.1021/acsaem.2c01806
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Figure 3. DF-TEM images (a—i) of samples 1—5 [(a,b) sample 1; (c,d) sample 2; (e,f,) sample 3; (gh) sample 4; (i) sample 5]. (j) Element
distribution by EDS across the white line of frame (i); and (k) schematic illustration of core—shell structure according to EDS. Insets: histograms of

particle size distribution.

The morphology at the submicrometric level of the graphitic
carbon matrix resulting after the pyrolysis was analyzed by field
emission scanning electron microscopy (FESEM) images
(Figure S2). These images show identical morphologies for
samples 1 to 4, regardless of the metal composition. The
graphitic carbon matrix appears as a spongy, highly porous,
coral-like material. Similar morphologies have been previously
observed for this type of graphitic carbon obtained by pyrolysis
of natural polysaccharides.'' This structure of graphitic
carbons is inherited from the polysaccharide precursor after
the supercritical CO, drying that is known to impart high
porosity and high-surface area due to the absence of strong
packing of the linear polysaccharide fibrils."® Importantly, the
presence of metal NPs could not be observed in these images
due to their very small size and the insufficient resolution of
the FESEM technique.

The presence of Cu and Fe NPs on the carbon matrix and
their average particle size for samples 1—4 could be
determined by transmission electron microscopy in dark field
(DF-TEM). Figure 3 shows representative images taken from
these samples 1 to 4. As it can be seen there, the presence of a
uniform distribution of small metal NPs was observed in these
images from the bright contrast of the image background,
without the presence of defined large NPs. Although the metal
was dispersed on all the carbon matrix, an apparent preferential
location, particularly for the larger NPs, on the edges, ridges, or
wrinkles of the graphitic carbon was observed. The average
particle size and their distribution were determined by
measuring a statistically relevant number of particles. The
results appear, as listed in Table 1. This table shows that the
mean diameter of the particles for samples 1 to 4 was slightly
larger than 1 nm. This small average dimension of the Fe—Cu
NPs is really remarkable, considering that the loading of these
samples is above 10 wt % metal and in some cases close to 20
wt % and contrast with the larger mean diameters obtained by
XRD (see Table 1). To understand a possible origin of this
discrepancy between transmission electron microscopy (TEM)
and XRD particle size, it should be reminded that XRD reports
on the most crystalline, larger particles, whereas TEM can
monitor all the particles, even those that contribute in the
lesser extent to the XRD response.w’20 As commented, when
describing sample $§ derived from alginate and in contrast to
samples 1 to 4 derived for chitosan as precursor, the average
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particle size of Fe or Cu particles in sample $ was about 100
nm, showing a core—shell structure (Figure 3i—k). Since the
preparation of sample $ was performed identically as those of
samples 1 to 4, it seems reasonable to attribute the much larger
particle size for sample S to the absence of N doping of the
resulting graphitic carbon matrix derived from alginate (no N-
containing polysaccharide) as a precursor. Accordingly, the
contrasting larger diameter of Fe—Cu NPs in sample 5 derived
from alginate pyrolysis can be attributed to its high loading and
the absence of the positive influence that the presence of
nitrogen on the carbon matrix exerts on thwarting particle
growth by providing strong interactions with the metal.
Precedents in the literature have already observed the
beneficial influence that nitrogen doping has on graphene
and related carbons as supports to obtain small metal NPs.”!
As particle size is one of the major parameters influencing the
catalytic activity of metal NPs, that undergo a significant
decrease as the average dimension increases up to about 10
nm,”>*® it can be foreseen that sample 5 should exhibit very
low catalytic activity for the aqueous phase methanol reforming
as it was in fact observed. Note that the core (Fe)—shell (Cu)
structure of sample § cannot occur in samples 1 to 4 due to
their much smaller particle size.

TEM of sample S having large particles revealed an
inhomogeneous distribution of Fe and Cu, the former being
predominantly located at the core and the latter at the shell.
Energy-dispersive system (EDS) analysis along the particles
shows this inhomogeneous location of the two metals [Figure
3 frames (i)—(k)]. Incidentally, it is worth noting that this
core(Fe)—shell(Cu) structure clearly observed in sample 5 due
to its large size would be compatible with having Cu and Fe in
different phases, as indicated by XRD, while having a strong
Fe—Cu interaction, as indicated by XPS. Additionally, this Fe—
Cu interaction is required to interpret H,-temperature-
programmed reduction (TPR) measurements and the catalytic
activity data.

To gain more information about the possible Fe—Cu
interaction, H,-TPR measurements of samples 1, 2, and 3
were carried out. It was expected that the reducibility of the
single metal, either Cu in sample 1 or Fe in sample 2, would be
different when the two metals Cu and Fe are present in the
material if an interaction between them exist. The H,-TPR
profiles are presented in Figure 4. As it can be seen there,

https://doi.org/10.1021/acsaem.2c01806
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Figure 4. H,-TPR plots of samples 1—4.

monometallic Cu in sample 1 presents a reduction peak at
about 175 °C that could be attributed to the reduction from
Cu®* to metallic Cu’, followed by a further reduction to Cu® at
about 500 °C. In comparison, monometallic Fe in sample 2 has
a reduction peak by H, at 450 °C that should correspond to
the reduction of Fe®* present in the material to Fe®". These
two peaks are also present in sample 3 that in addition exhibits
a new reduction peak at an intermediate temperature of 375
°C that is proposed to arise from the Fe—Cu interaction. This
specific peak would indicate that either Cu®" ions are less easy
to reduce or that Fe is more prone to undergo reduction. This
interaction is further supported by the difference in the H,-
TPR profiles for samples 3 and 4, with respect to samples
containing only Cu (sample 1) or only Fe (sample 2), due to
the different contents and proportions of Cu and Fe (Table 1).
The difference in the profiles of samples 3 and 4 should be due
to the different Cu/Fe ratios, with much lower Cu proportion
in the case of sample 4, as it is indicated in Table 1. Similar use
of H,-TPR to determine the interaction of Cu with other
metals have been reported in the literature.”**

B CATALYTIC ACTIVITY

Catalytic experiments were carried out in a stainless-steel
autoclave dissolving CH;OH in the liquid H,O phase in a
CH;0H/H,0 ratio of 1, corresponding to the stoichiometry of
the CH;0H reforming. This experimental detail will become
relevant later when comparing the results obtained here for
samples 1—4 with literature data. Preliminary studies in the
absence of any catalyst or using a control of N-doped graphitic
carbon without any metal show negligible H, evolution in the
range of temperatures from 170 to 190 °C. In the literature,
the catalytic activity of N-doped graphitic for aqueous phase
reforming has been reported but adding significantly much
larger amounts than those used in the present study,” thus
showing that the Cu/Fe are the active sites in the present
samples 1—S5. In contrast, in the presence of samples 1 to 4,
evolution of H,, CO,, accompanied by some minor CH,
concentrations, was observed by analysis of the head space.
Analysis of the liquid phase and the catalyst after the reaction
by '"H NMR spectroscopy does not detect the presence of
methanol, formaldehyde, or formic acid.

Of note is that the amount of CO, in most of the
experiments was lower than expected based on the
stoichiometry of the reaction (Scheme 1). This less-than-
expected CO, formation can be justified by the partial CO,
dissolution—adsorption of this acid gas on the remaining
aqueous phase and the catalyst during the course of the
reaction as it has been previously proposed.””** This defective
amount of CO, in the gas phase does not allow to close the
carbon balance of the reaction, however, as indicated above,
the presence of organic compounds in the solid and aqueous
phase was not detected by "H NMR spectroscopy.

On the other hand, CH, appears as a secondary product
since it was only observed in those cases, in which the amount
of H, and CO, was high. Generation of CH, has also been
frequently observed in the aqueous phase methanol reform-
ing.”>** It is proposed that CH, is formed from the Sabatier
methanation of CO, promoted by the bimetallic catalyst. In
the present case, this proposal is somewhat supported by the
reported methanation activity of Fe alloys wrapped on
graphitic carbon, although the reaction was performed in the
gas phase, under continuous flow and higher temperature.

Worth commenting is the absence of detectable amounts of
CO accompanying evolved H,. CO is a strong poison of Pt and
other noble metal catalysts generally employed in most of the

—
Q
—

3 33.0
fe) Eso
O 304 =
£ |52 g "
% gw
20qa, ol —5 = &
-_g = L C%talyszis 4
N ——1
- 2
© 10- '
o —-3
N
o —2—4
0-+— T T T
175 180 185 190

Temperature (°C)

(b)

N w
o o
! L

H, Production (mmol)

2 3 4 5
Number of cycles

Figure S. H, production for samples 1—4 under study. (a) H, evolution observed after 6 h reaction time as a function of the reaction temperature.
Insert: H, production for each catalyst at 190 °C, (b) H, production for sample 3 in five consecutive reuses. Reaction conditions: catalyst 10 mg,
methanol 460 uL (15 mmol), H,0O 280 uL (15 mmol), and reactor volume 15 mL.

9177

https://doi.org/10.1021/acsaem.2c01806
ACS Appl. Energy Mater. 2022, 5, 9173—-9180



ACS Applied Energy Materials

www.acsaem.org

potential applications of H, as an energy vector, such as the use
in fuel cells.>'”** Therefore, the absence of CO is a positive,
wanted feature of the catalytic process promoted by the Fe—
Cu catalysts.

Figure S presents the amount of H, observed after 6 h
reaction time as a function of the temperature for the series of
Fe—Cu catalysts under study. Table S3 provides comple-
mentary data on the amounts of CO, and CH, at final reaction
time for the experiments, as shown in Figure S. As it can be
seen in this Figure 5, H, formation from aqueous phase
CH;0H reforming follows the order: 3 >4 >2>1> §, atall
the temperatures studied. Note that the surface area of the
materials is mainly due to the graphitic carbon matrix that is
the same for samples 1—4. In comparison, the support of
sample $ is a graphitic carbon lacking N doping, and the core
(Fe)—shell (Cu) particles have a much larger size than those of
samples 1 to 4. Although with somewhat lesser activity than
the Fe—Cu combinations, it is notable that sample 2
containing exclusively Fe performs similarly and even better
than sample 1 containing only Cu. This activity of the Fe NPs
to promote aqueous phase methanol reforming is unprece-
dented. These results indicate the better performance of Fe—
Cu combinations and the existence of an optimal Fe—Cu
atomic ratio to achieve the highest H, evolution. For the best-
performing sample 3 as a catalyst, a turnover frequency (TOF)
value of 317 h™! was estimated at full methanol conversion by
dividing the number of initial methanol mols by the final time
and the number of mols of metals in the catalyst, counting all
the metal atoms as possible active centers for the aqueous
phase reforming. This TOF value is similar to that reported for
a highly active homogeneous Ru complex that requires the
presence of hexanethiol to achieve high activity.*’

In accordance with the favorable thermodynamics of the
process, the amount of CH;OH remaining in the reaction
mixture after 6 h was low and undetectable for the experiment
carried out at 190 °C in the presence of catalyst 3 after 6 h
reaction time (see Table S3) for which CH;OH conversion
was complete.

Catalyst stability and deactivation were addressed by
performing a series of six consecutive uses of the same sample.
After each use, additional amounts of CH;OH and H,O were
added into the autoclave before the subsequent reaction,
keeping the solid catalyst inside the autoclave without any
treatment. The results are also presented in Figure S. As it can
be seen there, the final H, production at 6 h remained basically
unchanged with a production of 33 mmol of H, in the first use
to a value of 29 mmol of H, in the sixth use.

Catalyst stability was also confirmed by characterization of
the five times used sample by XRD, XPS, and TEM analyses.
No change in the XRD (Figure 1) or XPS (Figure S4) of the
five times used sample respect to the fresh material was
observed, while a small particle size increase from the initial 1.1
nm average to a value of 1.3 nm after five consecutive uses was
estimated from DF-TEM images (Figure SS).

To put the catalytic data achieved for sample 3 in a broader
context, a literature survey was performed. The results are
presented in Table S4. The figures of merit in the comparison
are the TOF values and the reaction conditions. As can be seen
in this Table S4, sample 3 based on Fe—Cu performs similarly
but better than Pt or Ru catalysts. The performance of catalyst
3 is, on the other hand, significantly better than Ni containing
catalysts. One important advantage of sample 3 is that no CO
is detectable in the reformate gases, while this unwanted CO
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gas has been generally observed in most of the reported
catalysts, in some cases in very large amounts.

A final comment is that in most of the prior catalytic studies,
an excess of methanol with respect to the amount of H,O is
used to achieve high TOF values. A general trend in the
literature is that the TOF value increases with the excess of
CH;0H, a CH;0OH/H,0 molar ratio of 10 being not
uncommon. In our case, the CH;OH/H,0O molar ratio was
maintained to the stoichiometric value of 1 (see Scheme 1),

ensuring that there is not an excessive amount of the most
valuable CH;OH.

B CONCLUSIONS

The present study has shown that, surprisingly, in view of the
current compositions reported so far, earth-abundant Fe is a
metal exhibiting catalytic activity for aqueous phase CH;OH
reforming and increases the catalytic activity of Cu. Although
XRD indicates that the NPs do not correspond to a real
random alloy of the two metals that are present in independent
phases, there are evidences based on XPS and H,-TPR
showing charge transfer between the two metals. The small
particle size (about 1 nm) in spite of the high loading makes
these Fe—Cu NPs embedded within N-doped graphitic carbon
matrix highly active catalysts for the aqueous phase reforming
of methanol with stoichiometric amounts of H,0. Complete
CH;0H reforming can be performed at 190 °C with TOF
values of 317 h™" without formation of CO and exhibiting a
notable stability upon reuse. These materials compare
favorably with other based on Pt, Pd, or Ru reported in the
literature under similar reaction conditions. Overall, the
present study shows the excellent catalytic activity that can
be achieved for metal NPs embedded in N-doped graphitic
carbon matrices conveniently prepared by pyrolysis of natural
polysaccharides.
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