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ABSTRACT

Molybdenum phosphide (MoP) was firstly used as a catalyst for partial oxidation of
methane (POM) and its catalytic performance for POM was compared with that for dry
reforming of methane (DRM). It was found that the MoP phase was the dominant active site
in POM and DRM reactions, and the activity would gradually decrease when more and more
MoP was converted to Mo,C phase (non-dominant active site) and then rapid deactivation
would occur due to bulk oxidation of catalyst. The redox type mechanism over MoP
catalyst was vitally important to keep its structure reasonably well during methane
reforming reactions. The MoP catalyst revealed a higher catalytic stability in POM than in
DRM, attributing to the higher H, yield obtained in POM, which can promote and maintain
the redox cycle of catalyst.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

metal phosphide-catalyzed reactions mainly focus on the
hydrogen-involved thermocatalytic reactions (e.g. hydrogena-
tion and hydrotreating [3,4] and N,H, decomposition [5—7]),

Due to the fact that transition metal phosphides show unique
catalytic activities similar to those of noble metal-based cata-
lysts, they have attracted considerable attention in these
twenty years and have been regarded as substitutes for noble
metal catalysts in various catalysis fields [1,2]. To data, the
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and the oxygen-involved electrocatalytic reactions [8,9], such
as hydrogen evolution reaction (HER) [10—14], oxygen reduc-
tion reaction (ORR) [15,16] and oxygen evolution reaction (OER)
[17,18]. However, the phosphide catalysts have received
far less attention in the oxygen-involved thermocatalytic
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reactions. In our previous study, the phosphides of Mo, W, Fe,
Co and Ni were used as catalysts for NO dissociation and their
activities ranked in the order of Fe,P > Co,P > MoP > WP > Ni,P.
Unfortunately, the phosphide catalyst deactivation was inev-
itable due to surface oxidation by NO [19,20]. Subsequently, we
have found that oxygen species generated from NO dissocia-
tion on phosphide surface can be removed efficiently by H, or
CO, and thus the catalyst can retain the active phosphide
phase in the NO/CO or NO/H, reaction [19,20]. Very recently,
MoP and WP phosphides have been used as new catalysts in
dry methane reforming (DRM, CH,+CO, = 2CO+2H, (1)) [21,22].
Note that the catalytic stability of MoP was found to be much
higher than that of bimetallic Ni/p-Mo,C (well known to be an
efficient non-noble metal catalyst for DRM) [22].

H, production from thermocatalytic reactions has been
considered as the most promising technology, and some new
approaches are also being developed for low-cost and high-
efficiency [23,24]. In order to further develop phosphide cata-
lysts in the oxygen-involved thermocatalytic reactions, in this
study the MoP phosphide was firstly used as a catalyst in
partial oxidation of methane (POM, CH,;+1/20, = CO+2H, (2))
and its catalyst performance was compared with that in DRM.

Experimental
Catalyst preparation

The MoP catalyst was prepared by conventional H,-tempera-
ture programmed reduction method, as previously described
by Wang et al. [25]. Firstly, the oxidic precursor was prepared
from aqueous solutions of (NH4)sM07044-4H,0 mixed with
(NH,4),HPO,4 at a Mo:P mole ratio of 1:1. The mixture was stirred
at room temperature (RT) for 1 h, and then dried overnight at
110 °C and the resultant solid was calcined at 500 °C for 3 h in
air. Secondly, the oxidic precursor was reduced to MoP by H,.
The oxidic precursor was placed in a micro-reactor with an
inner diameter of 10 mm and a flow of pure H, (150 ml min™?%)
was introduced into the system. The temperature was
increased from RT to 300 °C over a period of 30 min followed
by a rise in temperature from 300 to 650 °C at a rate of 1 °C
min~. The temperature was then kept at 650 °C for 2 h before
cooling to RT in a H, flow. Finally, the material was passivated
in 1%0,/Ar for 12 h before it was exposed to air.

Catalyst characterization

X-ray diffraction (XRD) was conducted by an X-ray diffrac-
tometer (X'Pert Pro MPD) equipped with a Cu Ka source. X-ray
photoelectron spectroscopy (XPS) was performed using a
Kratos Axis ultra (DLD) equipped with Al Ko X-ray source.
Charging effects were corrected according to adventitious
carbon (284.6 eV) referencing. Raman spectroscopy was carried
out using a Horrba/Jobin-Yvon LABRAM-HR spectrometer with
the 632.8 nm line of a helium-neon laser as excitation source.

Catalyst performance tests

Catalytic activities of MoP for POM and DRM were evaluated in
a micro-reactor with an inner diameter of 10 mm at

atmospheric pressure. Prior to the reaction, the sample was
preheated with H, to 850 °C and then further cooled or heated
to a given reaction temperature (750—950 °C) under an Ar flow.
Then two kinds of gas mixtures: (i) CH4-O, and (ii) CH4-CO,
with mole ratios of 2:1 and 1:1, respectively, were separately
allowed to pass through the catalyst (0.1 g, 60—80 mesh) at a
flow rate of 45 ml min~'. The weight hourly space velocity
(WHSV) was 27000 cm® g~ h™. In addition, Carbon dioxide/
oxygen temperature-programmed oxidation (CO,/O,-TPO)
studies were performed using a flow of 2%CO, (or O,) in Ar
(50 ml min™Y). Prior to the reaction, the sample was heated to
850 °C under Ar (50 ml min™%), followed by cooling to RT under
Ar, and then was heated under the reactant gas from RT to
850 °C at a rate of 10 °C min~". The exit gas stream from the
reactor passed through a cold trap to remove water. The flow
rates were measured with a soap bubble flow meter. The gas-
phase products were analyzed by on-line gas chromatography
(GC) equipped with a thermal conductivity dectector and a
TDX-01 (60—80 mesh) packed column (300 mm x 2 mm i.d.).
The carrier gas and reference gas were Ar (99.999%) and the
column flow rate was 30 ml min~*. The column temperature
and detector temperature were operated at 70 and 100 °C,
respectively. Reference data and pure component injections
were used to indentify the major peaks, and response factors
for the products and reactants were determined and taken
into account in the calculation of the conversion and product
distribution. The conversions of CH,, O, and CO,, and selec-
tivity of H, were defined respectively as follows:

moles of CH, converted
moles of CH, introduced

CH, conversion = x 100% ;

moles of O, converted

0, conversion = -
moles of O, introduced

x 100% ;

moles of CO, converted

CO, conversion = .
2 moles of CO, introduced

x 100% ;

moles of H, produced
x moles of CH, converted

H, selectivity = 3 x 100% .

Results and discussion

Fig. 1 shows the temperature dependence of catalytic perfor-
mance over MoP catalyst for POM and DRM reactions. It can be
observed from Fig. 1 that the catalytic performance of MoP
was greatly dependent on temperature. As for the POM, the
CH, conversion and H, selectivity increased from 48 to 838%
and 43—81%, respectively, in a linear fashion with tempera-
ture, but the O, conversion was always 100% in the whole
temperature range (750—900 °C). In addition, the conversion of
O, was higher than that of CH,, probably due to the MoP-
contained redox type mechanism (as discussed later) and
the side reaction of methane combustion occurred in POM
[26]. As for the DRM, the CH, conversion and CO, conversion
increased from 40 to 73% and 53—86%, respectively, with the
increase of temperature, but the H, selectivity showed a
“volcano” shape with the highest value (77%) at 850 °C. After
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Fig. 1 — Dependence of catalytic performance on
temperature over the MoP catalyst for (a) POM and (b) DRM.
Reaction conditions: CH,:0, = 2:1, CH,:CO, = 1:1,

WHSV = 27000 cm® g~* h~?, reaction pressure = 1 atm,
reaction time = 2 h.

making the comparison, it was found that the MoP showed a
higher catalytic activity in POM than in DRM.

Subsequently, the catalytic stability of MoP catalyst for
POM and DRM reactions at high temperatures was further
investigated and the results are shown in Fig. 2. Clearly, the
MoP catalyst showed a stable activity through out the test
period of 36 h in POM reaction, no matter whether it was at 850
or 900 °C. However, the activity of MoP decreased at a low rate
with time in DRM reaction, and even the catalyst suffered
from gradual deactivation at 850 °C.

Coking and structural change were usually reported to be
the main reasons for the decrease of catalyst activity in
methane reforming reactions [27]. In order to further investi-
gate the reason why the catalytic stability of MoP in POM was
higher than that in DRM, the fresh and used catalysts were
characterized by XRD, XPS and Raman spectroscopy. It can be
seen from Fig. 3 that in the case of the MoP samples func-
tioned in POM at 850 and 900 °C, there was a series of weak
peaks of Mo,C coexisting with those of MoP. The results
indicated that a very small portion of MoP was converted to
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Fig. 2 — Catalytic stability of MoP catalyst for POM and DRM.
Reaction conditions: CH4:0, = 2:1, CH,;:CO, = 1:1,

WHSV = 27000 cm® g~* h~%, reaction pressure = 1 atm,
reaction temperature = 850 or 900 °C.

Mo,C during high-temperature POM. Compared with the XRD
patterns of the used samples in POM, the XRD patterns of the
used samples in DRM at 850 and 900 °C showed an increase in
intensity of Mo,C peaks, and more notably, a new set of peaks
due to MoO, was observed on the used sample at 850 °C. The
results indicated that more MoP was lost in DRM at 850 and
900 °C, especially at 850 °C.
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Fig. 3 — XRD patterns of fresh MoP (a), used MoP in POM at
850 °C (b), and 900 °C (c), and used MoP in DRM at 850 °C (d)
and 900 °C (e).

Fig. 4 shows the XPS spectra of Mo 3d and P 2p for the fresh
MoP catalyst and used MoP catalysts in POM and DRM at
850 °C. The Mo 3d and P 2p doublet peaks should have split-
tings of ~3.2 and ~0.9 eV, respectively. The Mo 3ds/, to Mo 3ds/,
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Fig. 4 — Deconvolution of Mo 3d and P 2p XPS spectra of
fresh MoP (a), used MoP in POM at 850 °C for 36 h (b) and
used MoP in DRM at 850 °C for 24 h (c).

and P 2ps, to P 2py, intensity ratios were 3/2 and 2/1,
respectively. On the basis of deconvolution, the distribution of
molybdenum and phosphorus oxidation states, and the ratios
of surface Mo species in MoP to total Mo species (Mo*"/(Mo®
4+ Mo*"+Mo®"), designated as R) are estimated and summa-
rized in Table 1. It can be seen from Fig. 4 and Table 1 that
there were three Mo species and two P species on the fresh
and used samples. The Mo 3ds, binding energies of
228.0—228.2, 228.8—229.0 and 232.1—232.3 eV were attributed
to Mo®", Mo*" and Mo®" species, respectively, and the P 2ps/,
binding energies of 129.3—129.5 and 133.4—133.5 eV were
identified as P>~ and P°" species, respectively [28,29]. In view
of the fact that the XRD results (Fig. 3) confirmed the forma-
tion of Mo,C phase in the two used samples, there was the
presence of Mo species in the form of Mo,C on the catalyst
surfaces. Nevertheless, it was impossible to distinguish be-
tween Mo?" in Mo,C (228.1—228.6 eV) [30,31] and Mo®" in MoP
(228.0—228.4 eV) [32—34] by XPS because their Mo 3ds/, binding
energy values were close to each other. It was worthy to note
that the R (0.38) of used MoP in POM was close to that (0.40) of
fresh MoP, however, the R (0.26) of the used MoP in DRM was
far away from that of fresh MoP. Indeed, the theoretical values
of R for used MoP samples should be lower than the actual
estimated values owing to the existence of Mo,C species. The
results suggested that the MoP catalyst can keep its structure
relatively stable at 850 °C in POM but it suffered from bulk
oxidation at 850 °C in DRM. These findings were in good
consistent with the XRD observation in Fig. 3.

It was suggested that the single metal Mo,C-based cata-
lysts were also catalytically active in POM and DRM at
atmospheric pressure but they would suffer from rapid
deactivation due to bulk oxidation [25,35—38]. Therefore, it
was reasonable to obtain these deductions: (i) the MoP phase
was the dominant active site in POM and DRM reactions (ii) the
activity (e.g. in DRM at 900 °C); would gradually decrease when
more and more MoP was converted to Mo,C phase (non-
dominant active site) (iii) rapid deactivation (e.g. in DRM at
850 °C); occurred due to bulk oxidation of catalyst. In addition,
the Raman results (Fig. S1 in supporting information)
confirmed that no obvious peaks were observed for graphite
(~1577 cm™?) or amorphous carbon species (~1345 cm %) [24],
indicating no carbon deposition formed on the MoP catalyst
during POM and DRM reactions. Thus, it can be concluded that
the decrease in the activity of MoP catalyst was indeed due to
structural change (MoP—Mo,C or MoO,) rather than coking.

It was reported that the redox type mechanism over MoP
catalyst was vitally important to keep its structure reasonably
well during DRM [22]. And the redox cycle route was further
proposed based on our previous studys [22,39] as follows.

Co,

MoP = MOP,0, 3)
Hy Hy

MoP + CO, —Mo0, + CO + PO, )

MoO, + PO, + H, —MoP + H,0 )

2Mo0; + 5CH; = Mo,C + 4CO + 10H, ©6)

Mo,C + 5CO, = 2Mo0, + 6CO @)
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Table 1 — XPS results for fresh MoP, used MoP in POM at 850 °C for 36 h and used MoP in DRM at 850 °C for 24 h.

Sample Binding energy (eV) R
Mo 3d3/2/MO 3d5/2 P 2p1/2/P 2p3/2
MOB+ MO4+ M06+ P5- P5+
Fresh MoP 231.2/228.0 232.0/228.8 235.4/232.2 130.2/129.3 134.3/133.4 0.40
Used MoP in POM 231.3/228.1 232.3/229.0 235.3/232.1 130.3/129.4 134.3/133.4 0.38
Used MoP in DRM 231.4/228.2 231.9/228.8 235.5/232.3 130.4/129.5 134.4/133.5 0.26
R = Mo®/(Mo® +Mo**+ Mo®").
Initially the MoP catalyst suffered from oxidation during 400
DRM and then the oxidation products, MoP,O; and MoO,, 5 POM
were in-situ reduced by CH, or H, to produce MoP and Mo,C. E=IDRM
The XRD results (see Fig. 3) only proved the existence of Mo,C ::w 300 L
and MoO, phases on the used catalysts because the MoP,Oy, Eo”
phase was usually in the form of amorphous state [22]. S L
Clearly, this redox type mechanism over MoP should also exist =
in POM using O, as oxidant instead of CO,. Our previous study % 200 |-
had proved that MoP can be oxidized by O, to Mo oxide- 5 I
phosphate [40]. Notably, the TPO results (Fig. 5) indicated 2
that the amount of O, consumption increased more quickly T 100
than that of CO, consumption when the temperature was
above 350 °C. Therefore, it can be deduced that the MoP was
oxidized more easily by O, than by CO,. In other words, the

oxidation rate of MoP in POM was higher than that in DRM.
However, it was indicated from Fig. 3 that the MoP showed
higher structural stability in POM than in DRM. It was
reasonable to deduce that the reduction rate of MoP,Oy/MoO,
in POM should be much higher than that in DRM. In order to
confirm the deduction, the H, yield rate estimated from Fig. 1
was shown in Fig. 6. It was clear that the POM produced much
more H, than DRM above 800 °C, which can lead to the faster
reduction of Mo-containing species in POM. Thus, it was
possible that the redox cycle of catalyst was established more
easily in POM than in DRM and then the bulk oxidation of
catalyst can be avoided.

In view of the effect of H, content in effluent gas on the
catalytic stability of MoP for methane reforming reactions, the
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Fig. 5 — Conversion rates of O, and CO, obtained from O,-
TPO and CO,-TPO studies.
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Fig. 6 — H, yield rate over the MoP catalyst for POM and
DRM reactions. Reaction conditions: CH4:0, = 2:1,
CH4:CO, = 1:1, WHSV = 27000 cm® g~* h™?, reaction
pressure = 1 atm, reaction time = 2 h.

catalytic stability of MoP was further investigated for the DRM
with added H, (see Fig. 7). By comparing Fig. 7 with Fig. 2, it
was clear that the catalytic stability of MoP was indeed greatly
enhanced after adding H, into DRM feed gas. Moreover, the
XRD and XPS results for the used sample (see Figs. S2 an S3)
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Fig. 7 — Catalytic stability of MoP catalyst for CH4-CO,-H,
reaction. Reaction conditions: CH,:CO,:H, = 1:1:0.4,
WHSV = 32400 cm® g~* h™", reaction pressure = 1 atm,
reaction temperature = 850 °C.
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proved that the addition of H, into DRM feed gas can avoid
bulk oxidation of MoP catalyst. It can be therefore concluded
that the MoP catalyst showed higher stability in POM than in
DRM due to the higher H, yield obtained in POM, which was
vital to maintain the redox cycle of MoP system in methane
reforming reactions.

Conclusions

After MoP was used as a DRM catalyst, it was used as a POM
catalyst for the first time in this work. It was found that the
MoP was a more excellent catalyst in POM than in DRM in
terms of both activity and stability. Higher catalytic stability
shown in POM was attributed to the higher H, yield in effluent
gas, which was beneficial to maintain the redox cycle of
MoP system in methane reforming reactions. This study has
developed a new oxygen-involved thermocatalytic reaction
using MoP as a catalyst, and further studies on the redox
behavior of the MoP catalyst in various oxygen-involved ther-
mocatalytic reactions are highly desirable.
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