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A series of metal phosphides (MoP, WP, Co,P, Fe,P and Ni,P) were synthesized by
H,-temperature-programmed reduction method. Amongst these phosphides, Fe,P was
found to show a considerably higher activity for NO dissociation than other phosphides.
Herein, it was firstly used as a catalyst for NO reduction with CO. Although the Fe P
catalyst showed an excellent activity for NO conversion to N, there was a competition
between NO reduction by CO and Fe,P oxidation by oxygen originated from NO disso-
ciation. A complete equality of NO conversion and NO reduction degree can be obtained
after increasing CO concentration in the system, which demonstrated that a catalytic re-
dox cycle can be established on Fe P catalyst, and hence in-situ oxidation of bulk Fe,P

was avoided.
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Introduction

Transition metal phosphides are a group of
compounds with interesting chemical/physical
properties and potential applications in various
fields, such as electronics, magnetism, photonics,
catalysis, and so on'™. In particular, metal phosphi-
des (e.g. MoP, Ni,P, WP, Fe,P and Co,P) have been
used as catalysts and extensively studied for hydro-
treating reactions®®. Among these phosphides, MoP,
Ni,P and WP catalysts have shown significant
promise in this regard because of their high activi-
ties and resistance to poisoning’!?. Therefore, they
have been gradually explored as catalysts in many
reactions, including N, H, decomposition'-'?, carbon
dioxide reforming of methane'?, hydrogen evolution
reaction®'* and hydrogen oxidation reaction'®>, How-
ever, compared with phosphides of metals (Ni, Mo
and W), Fe P has received far less attention due to
its poor activity in hydrotreating reactions®. Recent-
ly, it has been found that a highly dispersed Fe,P
catalyst on activated carbon showed better perfor-
mance and stability than an iron catalyst'®. Yet its
general catalytic properties have not been explored,
and this remains an area of considerable challenge.

In this study, we firstly report that Fe P has a
much higher catalytic activity for NO dissociation
than phosphides of Ni, Mo, W and Co. In view of
this unprecedented activity, Fe P was selected as the
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representative of phosphides to investigate the gen-
uine nature of these catalysts for catalytic removal
of NO. Although the activity and reaction mecha-
nism of Fe P catalyst for NO reduction with H, had
been studied in our previous letter'’, some import-
ant details were still missing about the development
of a catalytic cycle in phosphide-catalyzed NO re-
duction reaction. Currently, the NO/CO reaction
was used as a probe reaction to study the catalytic
nature of Fe P catalyst. The route for keeping the
catalyst stable and active was further perfected.

Experimental
Catalyst preparation

Phosphides of metals (Mo, W, Co, Fe and Ni)
were prepared in two steps. In the first step, phospha-
te precursors were prepared by combining stoichio-
metric quantities of metal salt (NH,)Mo.O,,-4H,0,
(NH,)H,W O, -nH 0, Co(NO,),-6H,0, Fe(NO,)-
9H,0 or Ni(NO,),-6H,0) and ammonium phos-
phate (NH,),HPO, in sufficient distilled water to
form a clear solution. In the case of Ni and Co, sev-
eral drops of nitric acid were needed to give rise to
homogeneous solution. Then the solution was evap-
orated to dryness and calcined in air at 500 °C for
5 h. In the second step of preparation, the phosphate
precursors were converted into phosphides accord-
ing to H,-temperature-programmed reduction pro-
cedure described by Prins and co-workers®. Typical-
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ly, about 2.0 g of phosphate precursor was placed in
a micro-reactor and a flow of H, (150 cm™ min™)
was introduced into the system. The temperature
was increased from room temperature (RT) to
650 °C at a rate of 1 °C min™', where it was held for
2 h before quenching to RT in a flow of H,. Finally,
the material was passivated in 1 % O,/Ar for 12 h
before it was exposed to air.

Catalyst characterization

XRD examination was performed using an
X-ray diffractometer (Rigaku D-Max Rotaflex) with
Cu Ka radiation (A = 1.5404 A) in the 26 range
from 20 to 90° at a step size of 0.06°. The sample
particle size was estimated according to the Scher-
rer formula. The BET surface areas of passivated
samples were measured on an ASAP 2010 instru-
ment. The N, gas was used for standard five-point
BET surface area measurements. A temperature-pro-
grammed surface reaction (TPSR) experiment was
performed on a flow reaction system. The catalyst
(0.4 g) was pretreated in He flow at 500 °C for 1 h,
and then cooled to 150 °C. After thermal stability
was reached, the temperature was raised to 500 °C at
15 °C min!in 1 % NO/1 % CO/He (50 cm™ min!).
The effluent gases were continuously monitored
with a mass spectrometer (MS, HP G1800A) for the
analysis of masses (M) = 30 (NO), M = 32 (O,) and
M = 28 (N, or CO), and an infrared absorption
spectrometer (IRAS, SICK-MAIHAK-S710) for
that of N,O, CO and CO,.

Catalyst activity

The catalytic activity was measured using a
6.0 mm (o.d.) silica reactor by feeding a gas mix-
ture of 0.1 % NO/0-0.3 % CO/He. Typically, 0.4 g
of catalyst was loaded onto a plug of silica wool,
and the temperature of the catalyst bed was mea-
sured with a thermocouple inserted directly into the
bed. The catalyst was pretreated in pure He at 400 °C
for 1 h before the reaction. The reactants passed
over the catalyst at a flow rate of 20 cm’® min™', the
corresponding W/F was 1.2 g s cm?. The effluent
gases were monitored by online GC (HP 5890) us-
ing a molecular sieve 5A column (3 m, ¢p4) with a
thermal conductivity detector (for the analysis of
0,, N,, CO and NO), as well as a mass spectrometer
(MS, HP G1800A) and an infrared absorption spec-
trometer (IRAS, SICK-MAIHAK-S710) (for that of
CO,, N,O and other possible nitrogen oxides).

Results and discussion

XRD patterns of the as-prepared phosphides of
metals (Mo, W, Co, Fe and Ni) are shown in Fig. 1.
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Fig. 1 — XRD pattern of as-prepared MoF, WP, Co P, Fe,P

and Ni,P catalysts

Table 1 — Characterization results of samples

sanpie Al e [BET ] Pl
MoP  MoP  28.1,322,432,57.3 5.1 21
WP WP 312,433,447,467 5.7 32
CoP  CoP 409,434,442,523 49 42
FeP  FeP 403,44.2,473,529 3.6 36
Ni,P  Ni,P  408,44.7,474,543 39 33

The peak positions were consistent with the crystal-
line phases listed in Table 1. There were no metal
phosphates/oxides, and no signal of phosphide
phases other than that of the observed one, indicat-
ing that the materials were phase-pure. Table 1 also
summarizes the textural properties of these phos-
phides. All the phosphides obtained had lower sur-
face area, from 3.6 to 5.7 m? g'!. The crystal sizes
were calculated by the Scherrer formula based on
XRD peak broadening, indicating dimensions of the
order 21-42 nm.

Subsequently, the catalytic activity of these
materials was evaluated for NO dissociation, and
the results are shown in Fig. 2. It can be observed
that, over WP, MoP, Fe, P, Co,P and Ni,P catalysts,
the NO conversion to N, was about 0.003, 0.004,
0.037, 0.013 and 0.001 pmol g_ ' s at 400 °C, re-
spectively. Obviously, amongst this series of phos-
phides, Fe P was found to exhibit a consider-
ably higher activity than other phosphide catalysts.
However, it was worthy to note that the O, generat-
ed in NO decomposition was not detected in the re-
actions. Our previous study had proved that oxygen
species produced during NO decomposition was not
released into the gas phase as O, but captured by
phosphide catalyst, which led to bulk oxidation of
phosphide!”. It was suggested that a catalytic redox
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Fig. 2 — NO conversion to N, at 400 °C over MoP, WP, Co,P,
Fe,P and Ni,P catalysts. Reaction conditions: NO =
1227 mg m3, W/F = 1.2 g s cm™, reaction time = 30 min.

cycle could be established by introducing a reduc-
ing agent into the system so that the oxygen could
be removed to avoid bulk oxidation of phosphide
catalyst. Generally, redox reaction was dependent
on reaction temperature and reaction gas composi-
tion. Therefore, the rest of this paper was devoted to
investigate the temperature and composition depen-
dence of NO/CO reaction over Fe P catalyst, and to
give insights into the genuine nature of Fe,P cata-
lyst for catalytic removal of NO.

Table 2 lists the temperature dependence of NO
and CO conversion in NO/CO (1:1 ratio) reaction
over FeP catalyst. It can be observed that the
Fe,P catalyst showed a high activity of ca. 100 %
conversion of NO to N, in the temperature range
300-500 °C. Nevertheless, the conversion of CO
was lower than that of NO at any temperature. The
reaction we were expecting for the NO reduction

with CO was stoichiometrically represented as:
2NO +2CO — N, + 2CO, €]

Based on the results of TPO and O, -uptake
studies'’, the oxidation of Fe,P occurred above
220 °C in an oxidation atmosphere. Therefore, it
was deduced that the following oxidation of Fe,P
had occurred:

Fe ..t X0, — FeO, 2)

lattice

Table 2 — Temperature dependence of NO and CO conver-
sion in 1:1 NO:CO reaction over Fe,P catalyst

Temperature/°C Re'action NO conversion CQ
time/h to N/% conversion/%

300 10 100 18

400 32 100 70

500 32 100 24

Reaction conditions: NO = 1227 mg m~, CO = 1145 mg m,
W/F=12gscm?.

O,, will be produced by NO dissociation.
Noad - Nad + Oad (3)

Therefore, the conversion of NO to N, was
higher than that of CO because of the production of
N, during the reaction between oxygen (generated
from NO dissociation) and Fe,P catalyst. Obviously,
there was a competition between NO reduction by
CO (Eq. 1) and Fe,P oxidation by oxygen species
(Egs. 2 and 3) in the system. The NO reduction with
CO was an activated process, and a rise in tempera-
ture would enhance the reduction degree of NO.
The CO conversion had a maximum (ca. 70 %) at
400 °C, indicating that NO reduction degree went
through a maximum at this temperature. Above
400 °C, there was a sharp decrease in NO reduction
probably due to the large extent of Fe P oxidation.
It was hence suggested that the addition of CO con-
centration in NO/CO reaction at 400 °C was most
likely to prevent bulk oxidation of Fe, P catalyst.

Fig. 3 shows the effect of feed composition on
the catalytic activity of Fe P catalyst in NO/CO re-
actions. It can be seen that the Fe P catalyst showed
a stable activity (ca. 100 % conversion of NO to N.)
in a gas stream of 0.1 % NO/0.1 % CO/He at
400 °C, but deactivated quickly after 8 h of on-
stream reaction: NO conversion to N, decreased
from ca. 100% to ca. 65% within a period of 11 h.
With the addition of CO in the feed, the Fe,P cata-
lyst showed a stable activity throughout the test pe-
riod of 11 h, no matter whether it was in 0.1 %
NO/0.2 % CO/He or 0.1 % NO/0.3 % CO/He. This
result indicated that the lifetime of Fe P catalyst can
be prolonged when the feed gas was rich in CO. To
better analyze the effect of NO:CO compositions on
the catalytic activity of Fe P catalyst, the NO and
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Fig. 3 — Effect of feed composition on catalytic activity of
Fe P catalyst in NO/CO reactions. Reaction conditions: NO =
1227 mg m=3, CO = 1145-3436 mg m>, W/F = 1.2 g s cm™,
reaction temperature = 400 °C.
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Table 3 — Effect of feed composition on the catalytic activity
of Fe,P catalyst in NO/CO reactions

CO-NO NO conversion CQ NO reduction
to N,/% conversion/% degree/%
1:1 100 62 62
2:1 97 41 82
3:1 926 32 96

Reaction conditions: NO = 1227 mg m>, CO = 1145-3436 mg m™>,
W/F=0.15 g s cm™, reaction time = 8 h, reaction temperature =
400 °C.

CO conversion as well as NO reduction degree in
NO/CO reactions at 400 °C are shown in Table 3.
The nitrogen-containing gas products was only N,
without N O and other nitrogen oxides by analysis
of MS and IRAS. Thus, the NO reduction degree can
be estimated by means of ([CO], — [CO]_ )/[NO]_
ratio. As shown in Table 3, the conversion of NO to
N, was closer in the three reactions. Additionally,
reasonable trends can be observed that the con-
sumption of CO increased when the feed composi-
tion became gradually richer in CO, and hence the
NO reduction degree correspondingly increased.
This was because an addition of CO in feed gas
could increase the CO concentration on the Fe P
surface, which helped in the reduction of NO by
CO (Eq. 1), in contrast, suppressed Fe P oxidation
by surface oxygen (Egs. 2 and 3). Note that a com-
plete equality of NO conversion and NO reduction
degree appeared to be achieved when the NO:CO
ratio decreased to 1:3. This result indicated that the
CO concentration in feed gas with 1:3 NO:CO ratio
was sufficient to remove surface oxygen and estab-
lish a catalytic cycle on Fe P catalyst.

In order to investigate the structural change of
Fe P catalysts after reaction, the used Fe,P catalysts
(functioned in 0.1 % NO/0.1 % CO/He and 0.1 %
NO/0.3 % CO/He, respectively, at 400 °C for 11 h)
were characterized by XRD. As shown in Fig. 4, the
Fe P catalyst used in 0.1 % NO/0.1 % CO/He for
11 h showed peaks of Fe O,, Fe O, and FeP crystal-
lites, and the signals of Fe P were untraceable. This
was a clear indication that bulk Fe,P can be oxi-
dized completely by oxygen produced from NO dis-
sociation in 0.1 % NO/0.1 % CO/He reaction. In
other words, oxygen from NO dissociation would
inevitably incorporate into the bulk of Fe P catalyst
and hence could be removed completely by CO in
the feed gas. Noticeably, the diffraction pattern for
the Fe,P catalyst used in 0.1 % NO/0.3 % CO/He
for 11 h was identical to that of the fresh sample.
These results indicated that a NO/CO ratio of 1/3
was required to avoid bulk oxidation of Fe,P cata-
lyst in NO/CO reaction, in good agreement with the
results that a catalytic cycle can be established on
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Fig. 4 — XRD patterns of used Fe,P samples as well as fresh
sample for comparison

Fe,P catalyst in 0.1 % NO/0.3 % CO/He at 400 °C
(Table 3).

In an attempt to understand the reaction mech-
anism of Fe P catalyst for NO reduction with CO,
the TPSR experiment was performed to examine
surface reactivity of NO and CO on Fe,P catalyst.
Fig. 5 shows the MS and IRAS profiles as a func-
tion of temperature during TPSR. It can be seen that
the signals of M = 30 (NO) and M = 28 (N, or CO)
began to decrease when the temperature was above
~220 °C. This result indicated that NO and CO spe-
cies adsorption and dissociation, as well as the reac-
tion between the two species had occurred, which
was in agreement with the observation of IRAS
profile that CO concentration decreased but CO,
concentration increased above 220 °C, at the same
time the production of N O peaks occurred at
270 °C. This was a clear indication that NO was
mainly converted to N,O between 220 and 270 °C.
However, at temperatures above 270 °C, the con-
centration of N,O decreased but that of M = 28 (N,
or CO) increased, indicating that NO was mainly
converted to N,. Complete NO conversion plateau
was obtained at about 300 °C, which was coincident
with the signal of M = 28 (N, or CO) reaching a
maximum. With the temperature increased to 400 °C,
the signal of M = 28 (N, or CO) and the concentra-
tion of CO reached a lower value, but the CO,
reached the maximum concentration. This demon-
strated the highest degree of NO reduction by CO
(Eq. 1) at this temperature. However, the change
trend of the MS and IRAS profiles above 400 °C
showed a decrease in the NO reduction degree. In
other words, above 400 °C, the Fe,P oxidation reac-
tion (Egs. 2 and 3) was becoming violent. These
results agreed well with the data in Table 2.
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Based on the TPSR and XRD results, the sur-
face reactions of NO and CO over Fe,P catalyst can
be proposed as follows:

(1) NO dissociation and Fe,P oxidation.

NO (g) +* & NO * “)
NO*+* =2 N*+0* %)
AN * =2 N * + * (6)

N,* &2 N,(g) +* (7

NO (g) + NO * =2 ON * NO ®)
ON*NO+* 2 NO*+0* )
N*+NO* =2 NO *+* (10)
NO* 2 NO(g) +* (11)
xO * + Fe,P — FeO_ + FeP (12)

In view of the fact that there was no O, species
detected in NO/CO reaction (see Fig. 5a), it was
reasonable to deduce that the oxygen produced
during NO dissociation was partly released into the
gas phase as N,O (g); the rest was captured by Fe,P
catalyst. Heavy accumulation of surface oxygen re-
sulted in gradual diffusion of oxygen into the Fe,P
lattice, and would cause the ultimate oxidation of
the bulk.

(2) NO reduction with CO.

After introducing CO into the system at an ap-
propriate reaction temperature, the poisonous effect
of oxygen toward Fe P can be eliminated by regu-
lating the CO concentration in the feed; the process
can be described as follows:

CO (g) + * & CO* (13)
CO* + 0% &= CO* (14)
CO,* & CO, (g) + * (15)

According to the results of activity studies and
XRD characterization (Table 3 and Fig. 4), a mini-
mum of 0.3 % of CO in the 0.1 % NO/He feed was
required for establishing a catalytic cycle and avoid-
ing bulk oxidation of Fe P catalyst.
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List of symbols

W — weight of catalyst, g
F - flow rate of feeding gas, cm® min™
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