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Global warming, caused by an increase in atmospheric CO,
concentrations, and limited fossil-fuel resources have stimu-
lated the search for environmentally sustainable energy
sources with zero or low CO, emission.!!! The use of biomass
as a CO,-neutral fuel has drawn widespread attention, since
biomass as part of the global carbon ecocycle is an increas-
ingly important energy resource.”” An associated issue, which
is often encountered in the control of NO, emissions from the
alkali-rich stack gas of power plants (co-)fuelled by biomass,
is the severe deactivation of conventional V,05-WO,4/TiO,
catalysts in the selective catalytic reduction of NO by NHj;
(NH;-SCR).4 This deactivation is predominately caused by
the strong interaction of alkali-metal ions with catalytically
active sites.*"! For example, Zheng et al.® proposed a deac-
tivation mechanism by proton exchange at catalytically active
Brgnsted acid sites with alkali-metal ions. The exchange
reactions occur readily at normal NH;-SCR operating tem-
peratures because alkali species, such as KCl and K,SO,, are
mobile in view of their low Tamman temperatures (T, ).l

On the basis of this deactivation mechanism, a possible
approach to the development of an alkali-resistant catalyst is
to increase the number of catalytically active sites and “alkali-
active” sites (for trapping alkalis), for example, by using
a support with the property of high or super acidity or by
increasing the concentration of active elements”1314
However, this approach can not completely alleviate alkali
poisoning because, to a great extent, alkali-metal ions and
reactants compete for the same sites. Therefore, the develop-
ment of a highly alkali resistant catalyst remains a great
challenge. Herein we describe the successful development of
a hollandite manganese oxide (HMO) catalyst with separate
catalytically active sites (for NH;-SCR) and alkali-active sites
(for alkali trapping). With the combined action of the two
types of active sites, this bifunctional HMO catalyst not only
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protects catalytically active sites against alkali poisoning, but
also preserves high catalytic activity at the original level until
all the alkali-active sites are occupied.

We used K* as a probe to clearly identify the catalytically
active sites of HMO in NH;-SCR reactions, as K™ is a well-
known catalyst poison.’! Figure 1 shows the catalytic
activity of HMO with different K* loadings in NH;-SCR
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Figure 1. Rate constant (k) for the conversion of NO as a function of
alkali loading for HMO and V,05-WO,/TiO,. Catalytic tests were
conducted at a normal NH;-SCR reaction temperature of 350°C

(1000 ppm NO, 1000 ppm NH;, 3% O,, balance N,) with a gas hourly
space velocity (GHSV) of 40000 h™". The alkali loading corresponds to
the molar content of the alkali-metal ion with respect to the weight of
the HMO or the V,0,-WO,/TiO, catalyst (umolg™'). The catalysts were
annealed at 400°C after alkali loading.

reactions at 350°C as expressed in terms of the rate constant
for the conversion of NO.’'!l The K* loading had almost no
influence on the catalytic activity of HMO, and all HMO
catalysts tested exhibited almost the same activity.

For reference, a conventional deNO, catalyst (V,05-WO,/
TiO,) with different K* loadings was also tested in the NH;-
SCR reactions under the same conditions (Figure 1). As
expected, the V,05-WO,/TiO, catalyst exhibited rather poor
alkali resistance and underwent severe and continuous
deactivation with increasing alkali loadings until complete
loss of activity was observed: the catalytic activity strongly
decreased as the K* loading was increased from 0 to
100 umolg ™", and the catalyst was almost completely deacti-
vated when the alkali loading exceeded 200 pmolg™'. The
results indicate that the deactivation of the catalyst predom-
inantly originates from the occupation of the catalytically
active sites by K*, as corroborated by previous reports.**! In
other words, the catalytically active sites and the “alkali-
active” sites of the V,05-WO,/TiO, catalyst are identical.
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In contrast, HMO exhibited excellent alkali resistance.
Even at an extraordinarily high K* loading of 1150 umolg™',
the catalytic activity of HMO was the same as that of the
V,05-WO,/TiO, catalyst with a K* loading of 23 umolg™".
Thus, the alkali resistance of HMO is theoretically 50 times
higher than that of conventional catalysts under identical
conditions. When the alkali loading was below 1150 ymolg ™,
the alkali-metal ion, the counterion in the salt used, and the
alkali loading had almost no influence on the catalytic
performance of HMO in a wide NH;-SCR temperature
window of 200-350°C (see Figures S1-S3 in the Supporting
Information), whereas these factors generally have a crucial
influence on the catalytic activities of catalysts (see Fig-
ure $4).>711 The experimental evidence supports the
hypothesis that HMO has two separate types of active sites:
catalytically active sites and “alkali-active” sites.

Although we could ascertain that HMO had different
types of sites, their location was not clear. For NH;-SCR
reactions, neither O, (one of the reactants) nor N, (one of the
products) fits in the tunnels of HMO, as the diameters of O,
(3.46 A) and N, (3.64 A) are much larger than that of the
effective pore opening (ca. 2.65 A).'! Therefore, the NH;-
SCR reactions must only take place at the external surface of
the HMO nanorods and not in the tunnels.

The external surfaces of HMO include the side facets and
the {001} top facets (see Figure S5):1"! which of these contain
the catalytically active sites? For HMO with different K*
loadings, there are different amounts of K* on the {001} facets
(see Figure S6 and the related discussion in Section 2.1 of the
Supporting Information). As the K* loading has no influence
on the catalytic activity of HMO, the {001} facets do not
appear to comprise the catalytically active sites, in analogy
with our results in a recent study.'¥! Moreover, when the
HMO catalyst is overloaded with K* beyond the maximum
capacity of HMO (1280 umolg™'; see the related calculation
in Section 2.2 of the Supporting Information), that is, when
the catalytically active sites on the {110} facets of HMO also
become occupied by K* (see Figure S7), the catalytic activity
decreases dramatically (see Figure S3). Therefore, we can
conclude that the exposed {110} side facets of the HMO
nanorods contain the catalytically active sites in the NH;-SCR
reactions.

To investigate the active sites for alkali storage in HMO,
we initially supported KCI as a typical alkali source on the
external surface of HMO. The resulting sample KCI/HMO
was annealed at 400°C to give a material referred to as K-
HMO. Both KCl particles and HMO nanorods were observed
in the TEM and high-resolution TEM (HRTEM) images of
KCI/HMO (Figure 2a,b). In contrast, the KCl particles are
absent in K-HMO: smooth surfaces were observed in the
(HR)TEM images (Figure 2c¢; see also Figure S8). However,
the presence of potassium species in/on K-HMO was shown
by elemental mapping by energy-dispersive X-ray spectros-
copy (EDX) in conjunction with the corresponding scanning
transmission electron microscopy (STEM) image (Figure 2d).
A K/Mn molar ratio obtained by EDS for K-HMO (see
Figure S9) is close to the K/Mn molar ratio found for KCl/
HMO by X-ray fluorescence elemental analysis. The chlorine
content is 3.1 wt % in KCI/HMO but negligible for K-HMO
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Figure 2. a) TEM image of KCI/HMO. b) HRTEM image of the KCI
particle indicated in (a) as viewed along an [0-11] axis of the KCl
crystal. ¢) TEM image of K-HMO. d) Bright-field STEM image of an
individual K-HMO nanorod with the corresponding elemental mapping
by EDX.

(see Table S1). It was demonstrated that HCI gas is produced
from KCI/HMO during thermal processing (see Figure S10
and Section 2.3 of the Supporting Information). Conse-
quently, it was clear that K* had been inserted in the internal
tunnels of HMO through ion-exchange reactions with the
tunnel protons, with the release of HCI gas."?!

The location of the alkali-active sites in HMO was further
confirmed by room-temperature synchrotron X-ray diffrac-
tion (XRD) patterns (see Figure S11). The reflections of
HMO as a function of momentum transfer, Q, can be indexed
as the hollandite manganese oxide with a tetragonal structure
(JCPDS 44-0141).* %! The reflections of both KCl and HMO
appear in the XRD pattern of KCI/HMO. The intensity and
the Bragg position of the HMO reflections remained almost
unchanged after loading with KCl, which indicates that
crystalline KCl is present at the external surface of HMO
and is consistent with the corresponding TEM image (Fig-
ure 2a). After annealing, the reflections of KCI vanished in
the XRD pattern of K-HMO, and no new reflections
appeared. These observations indicated the presence of
highly dispersed K*. To identify alkali-active sites, we
compared the intensity and the position of the reflections
for K-HMO and HMO. All reflection intensities were greater
for K-HMO, except those for the (211), (600), and (002)
planes, which remained almost unchanged (see Figures S7
and S11). Thus, by considering the influence of structural
factors on the diffraction intensity,"” we concluded that K*
occupied the (0,0,0) sites of the crystal structure of HMO. The
appearance of the (200) and (002) Bragg reflections of K-
HMO at lower and higher Bragg angles, respectively, in
comparison with those of HMO (see Figure S12) indicates an
expansion of the a lattice axis and a contraction of the c axis.
The evidence strongly supports the occupation of the (0,0,0)
sites of the HMO crystal structure by K™ after the annealing
of KCI/HMO, in analogy with related structures.'*!! There-
fore, the internal tunnels of HMO are the “alkali-active” sites.

All characterization data discussed above provide evi-
dence for the existence of two types of separate active sites in
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HMO: alkali-active sites located in the internal tunnels for
trapping alkali-metal ions and catalytically active sites located
at the {110} side facets of the external surface for catalyzing
the NH;-SCR reaction.

In a biomass-fuelled boiler, combustion of the biomass
(e.g. straw or wood) results in stack gas with fly-ash particles
in the sub-micrometer range. These particles have a high
content of potassium compounds (especially KCI), which can
poison the catalytically active sites through surface migration
or mobility to the active sites.”>?! In practice, if the catalyst is
exposed to the stack gas, alkali-metal ions are initially
accumulated at the external surface of the catalyst, whereas
the alkali-active sites of HMO are located in the internal
tunnels. To determine whether alkali-metal ions can sponta-
neously migrate from the external surface into the tunnels of
HMO and liberate the catalytically active sites for the NH;-
SCR reaction, we conducted an experiment to simulate the
exposure of catalysts to the NH;-SCR environment at
a biomass power plant.

We conducted successive NH;-SCR reactions over KCl/
HMO (which has a structure similar to that resulting from the
initial accumulation of KCl on the surface of HMO catalyst)
to investigate the combined effect of the two types of active
sites of HMO. We examined the conversion of NO over KCl/
HMO and HMO (see Figure S13) and plotted the activity of
KCI/HMO in terms of the turnover frequency (TOF; see
Section 2.4 of the Supporting Information) against time for
two consecutive reactions over the same catalyst (Figure 3a).
In the first run, the reaction was carried out according to
a temperature-programmed procedure at a ramp rate of
5°Cmin! from 50 to 350°C; the reaction reached a steady
state at 350°C. The TOF profile involved three stages: In the
first stage, the TOF value strongly increased with increasing
temperature up to about 230°C. In the second stage, above
230°C, the TOF value sharply decreased to about 0.2 x
107 s™" until the final temperature of 350 °C was reached. In
the third isothermal stage, the reaction rate gradually
increased and reached a steady level with a TOF value of
approximately 1.5x 1073 s™!. After this run, the catalyst was
cooled down to 50°C, and the second reaction was carried out
by the same procedure. In the first stage, the development of
the TOF profile was similar to that observed for the first run
below 230°C. In the second stage, the TOF value only
decreased to approximately 1.5x107%s™!, the steady-state
level in run 1, and remained at this level in the third stage.
Thus, stages two and three were quite different from the
corresponding stages in the first run.

To shed light on the essential discrepancy of the above two
consecutive runs, we carried out temporal in situ synchrotron
XRD analysis of KCI/HMO as a function of temperature
(Figure 3b; see also Figures S14 and S15). The XRD pattern
of KCI/HMO at 40°C is similar to the room-temperature
XRD pattern (see Figure S11). When the temperature was
increased to about 230°C, the intensity of the Bragg reflection
of the KCl gradually decreased, and the reflection location
shifted to smaller Bragg angles. When the temperature was
increased further, the KCl reflections vanished, in good
agreement with the fact that when the Tr,, value of KCl is
reached (7,,, =230°C for the KClI particles in this case), the
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Figure 3. a) TOF profiles with time (t) on stream for KCI/HMO with

a Kt loading of 1150 pmolg™" in two consecutive NH;-SCR reactions.
After the first reaction, the catalyst was cooled to 50°C. Catalytic tests
were conducted with a GHSV of 80000 h™' (1000 ppm NO, 1000 ppm
NH;, 3% O,, balance N,, ramp rate: 5°Cmin~"). b) Contour map of
the temporal in situ synchrotron XRD patterns of KCI/HMO in

a temperature range of 40-390°C with a ramp rate of 5°Cmin~". The
diffraction intensities (/) of the (220)¢ reflection of KCl and the

(301) ymo reflection of HMO are shown as a function of temperature

M-

atoms of the bulk KCl become mobile."” The tetragonal
hollandite crystal structure essentially remained unchanged
during the whole process, except for slight changes in the
intensity and the location of the reflections. No new
reflections appeared, and the XRD pattern was similar to
the room-temperature pattern of K-HMO (see Figure S11).
All the evidence presented above strongly supports the
conclusion that K* spontaneously migrates from the blocked
catalytically active surface sites into the internal tunnel space
of HMO at temperatures above the Tr,, value of the KCl
particles.

We conducted density functional theoretical calculations
on the K* diffusion process. The diffusion path of K* possibly
involves three steps (Figure 4): in the first step, a K* ion on
the {110} side facet migrates to the border near the {001} top
facet (from A to B); in the second step, it crosses the
boundary onto the {001} top facet (the mouth of the tunnel
nearest to the {110} side facet, from B to C); and in the third
step, it migrates into the tunnel (from C to D). It is relatively
easy for the K* ion to migrate from the {110} side facet onto
the {001} top facet, since the energy barrier in each case is only
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Figure 4. Possible diffusion path of a K* ion on the surface and into
a tunnel of HMO. The local minimum equilibrium positions are
denoted by A, B, C, and D.

about 0.3 eV. Although a higher energy barrier (0.61eV)
needs to be overcome for migration from the {001} top facet
into the tunnel, the ballistic migration of the K* ion into the
internal tunnels is also easy, because the absolute energy
barrier is only 0.01 eV for this migration with respect to the
total energy of the K* ion on the {110} side facet, in analogy
with reported results.? Therefore, from an energetic point of
view, it is not difficult for the K* ion to migrate from the {110}
side facets into the internal tunnels across the {001} top facets.

The temporal in situ synchrotron XRD patterns coupled
with the theoretical calculations give a good interpretation of
the combined effect of the two types of active sites of HMO in
the NH;-SCR reaction. In the first run, the TOF rapidly
increases as the reaction temperature is increased in the first
stage (Figure 3a). This behavior implies that the majority of
the catalytically active sites of HMO are not occupied by K*
ions, since the migration of KCl does not occur. In the second
stage of the first run, the almost complete loss of activity
indicates the poisoning of the catalytically active sites by the
K" ions as a result of their surface migration/mobility. In the
third stage, the K™ ions continuously migrate into the internal
tunnels and release the catalytically active sites. Activity is
gradually recovered and finally reaches a steady-state level
when all K* ions have completely migrated into the tunnels.
In the second run, the TOF remains at a steady level in the
isothermal third stage because the migration of K* ions is
complete after the first run. The initial activity decrease in
both second stages is attributed to the desorption of NH; and/
or the consumption of surface species (e.g. -NH,, -NH,*).?>!
These processes decrease the surface concentration of NH;.
Overall, our results show that under normal NH;-SCR
conditions, alkalis can spontaneously migrate from the
catalytically active surface sites into the internal tunnels;
thus, the HMO catalyst can protect itself from alkali poison-
ing.

An average accumulation rate of alkali-metal ions on the
surface of catalysts has been evaluated to be approximately
4.2 x107? umolg~'h™! at a normal biomass power plant,*” and
the conventional V,05-WO,/TiO, catalyst was deactivated by
more than 75% after only 1500 h on stream.®! According to
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these parameters, the lifetime of HMO can be extrapolated to
be approximately 25000 h (about three years) if we assume
a capacity for alkali accumulation of 1150 pmolg ' and that
alkali poisoning is the only mode of deactivation under
practical conditions. We anticipate that high alkali resistance
is not unique to hollandite manganese oxide catalysts, but that
any other metal oxide with a hollandite structure with
unoccupied tunnels (for example, hollandite titanium
oxides,® cryptomelane,® priderite,®!! and akaganéitel*”)
should exhibit similar high alkali resistance. Thus, catalysts
with a hollandite structure show promise for application at
power plants (co-)fuelled by biomass.

In summary, it has been demonstrated that an HMO NH;-
SCR catalyst possesses two types of active sites: catalytically
active sites on the external surface and alkali-trapping sites in
the internal tunnels, which account for its strong resistance
against alkali poisoning. Alkalis accumulated on the catalyti-
cally active surface sites of HMO can spontaneously migrate
into the internal tunnels under normal reaction conditions.
Owing to this self-protection function, catalysts with a hollan-
dite structure should enable the environmentally friendly use
of biomass in energy generation.
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