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ABSTRACT: Water-gas shift (WGS) micro and membrane reactors are interesting
components for compact H, production and purification devices, but they require
catalysts with very high activity for optimum efficiency to minimize catalyst bed thickness
and mass transfer limitations. On the other hand, activation of H,O is known to be more
challenging than CO in this reaction. Catalysts comprising ca. 2 nm large Pt particles on
hydrophilic apatites are found to have very high WGS activity, with specific reaction rates
exceeding those of a highly active Pt/CeO, catalyst by up to 50% at 573 K. These apatite-
supported catalysts exhibit stable CO conversions at 673 K without showing any CH,
formation tendencies up to 723 K. WGS activity increases with Ca/P ratio in the apatite,
leveling off around Ca/P = 1.75, and formate has been identified as the main reaction
intermediate. The outstanding WGS performance is attributed to the superior activation
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of H,O on these ionic oxides due to coordination of H,O to Lewis acidic Ca*" ions and H bonding to basic O atoms of PO,*~
units. This renders H,O molecules highly polarized and thus reactive on apatite surfaces with the ensuing formate-like
intermediates being well stabilized through bonding to multiple Ca®* ions, as well. Thus, apatites provide an intriguing alternative
to increasingly expensive rare-earth oxides in high-performance noble-metal WGS catalysts not only for micro and membrane

reactors.
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Bl INTRODUCTION

The water-gas shift (WGS) reaction (CO + H,0 & CO, + H,,
AH = —41.1 kJ mol™") is an important industrial process which
has attracted renewed attention in recent years in connection
with on the spot hydrogen production for fuel cells in
transportation and residential applications. Industrially it is
carried out in two stages: i.e., a high-temperature shift (HTS)
over Fe—Cr catalysts at 593—723 K followed by a low-
temperature shift (LTS) over Cu—Zn—Al catalysts at 473—523
K.' However, these conventional catalysts are unsuitable for
compact hydrogen generation systems as desired for fuel cell
applications because of their weight and volume, long start-up
times, durability under steady-state and transient conditions,
and susceptibility to condensation and poisoning.”” Therefore,
precious metals supported on ceria and other reducible oxides
have been widely investigated, in particular as LTS catalysts for
fuel cell applications.”~” Highly active WGS catalysts are also
required for achieving optimum efliciency with HTS micro-
reactors’ and Pd membrane reactors.” For example, computa-
tional simulations show that an optimum membrane would
improve the efficiency of WGS Pd membrane reactors only by
12%, whereas 76% could be gained by optimizing the catalyst."
Operation temperatures above 623 K are especially favorable in
the latter case, because hydrogen-selective Pd membranes are
significantly inhibited by CO below that threshold."" However,
many precious-metal catalysts on reducible supports are not
sufficiently stable and progressively deactivate under typical
reformer outlet conditions.'” On the other hand, cost is a major
concern, since noble metals and rare-earth elements are
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expensive, so that current research aims at reducing the
amounts of both in catalyst formulations."

We are now investigating the HT'S activity and stability of Pt
supported on hydroxyapatite (Ca;o(PO,)s(OH),, HAP)
because Au and Ru deposited on this irreducible ionic oxide
showed LTS activity before.'* The Au catalyst had been more
active than the Ru catalyst up to 593 K, but high-temperature
WGS activity and stability of the Au catalyst was not reported
while the Ru catalyst showed serious methanation activity
above 573 K.'* Apatites and related compounds are intriguing
support materials for catalysts because of their structural
stability, their hydrophilicity due to amphoteric acid and base
functionalities, and the possibility of cationic and anionic
isomorphous substitutions.'>~>” For example, hydroxide and
phosphate ions were found to stabilize Au nanoparticles against
sintering at elevated temperatures.'”> We focused on Pt catalysts
in our study because of their generally superior high-
temperature stability in comparison to e.g. Au WGS catalysts.”®
The catalytic activity of apatite catalysts can be substantially
modulated by changing the Ca/P ratio.'®™" This results in
nonstoichiometric formulations Ca;_,(HPO,),(PO,)s_-
(OH), , with 0 < Z < 1, ie. 150 < Ca/P < L67.
Hydroxyapatites with larger than stoichiometric Ca/P ratio
(1.67) have been also reported where excess Ca** ions may be
charge balanced by carbonate or other foreign anions.”’
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Therefore, we have explored the interdependence between
apatite stoichiometry and WGS activity of such Pt catalysts by
preparing HAP formulations with Ca/P ratios ranging between
1.58 and 2.00, and a fluoroapatite (FAP) form where hydroxide
ions were replaced by fluoride ions. In the following we will
show that catalysts can be designed in this way that feature
HTS activities exceeding those of Pt on CeO, and other
reducible oxides and at the same time exhibit very good HTS
stability.

B EXPERIMENTAL SECTION

Catalyst Preparation. All chemicals were of analytical
grade, were used without further purification, and were
procured from Kermel unless otherwise noted. Hydroxyapatite
powders were synthesized by a precipitation method'**’ using
aqueous solutions of Ca(NO;),-4H,0 and (NH,),HPO, as
precursors and aqueous ammonia (25%) for adjustment of the
pH value of the solutions between 9 and 10.5. Typically 100
mL of a 0.20 mol L™ (NH,),HPO, aqueous solution (e.g., at
pH 9) was added dropwise to 100 mL of 0.33 mol L™}
Ca(NO;), aqueous solution (e.g, at pH 9) with vigorous
magnetic stirring at room temperature. The resulting
suspension was kept in a water bath for 2 h at 363 K and
then cooled to room temperature and aged for 6 h. Next the
precipitate was centrifuged, washed repeatedly with purified
water until pH ~7, dried at 333 K for 12 h, and finally calcined
for 4 h in air at 753 K in a mufle furnace. The obtained HAP
powders were denoted HAP-9, HAP-9.5, HAP-10, and HAP-
10.5 according to the pH of the synthesis solutions. Further
HAP-9 and HAP-10 powders with modified Ca content were
made by wet impregnation of the calcined materials with
Ca(NO;), solution. Those samples were denoted Ca-HAP-9
and Ca-HAP-10, respectively. Fluoride-substituted apatite
(denoted as FAP) was prepared by adding 0.247 g of NH,F
to the (NH,),HPO, solution before combination with the
Ca(NO;), solution (both at pH 10). The remaining procedural
steps were the same as for preparation of the HAP powders.

Catalysts with nominally 1 wt % Pt were prepared by
impregnation of the calcined apatite powders. Appropriate
amounts of 15.8 mg mL™' aqueous H,PtCls (Sinopharm
Chemical Reagent Co.) were added, and suspensions were kept
at room temperature for about 24 h before samples were dried
at 333 K for 12 h and calcined again for 4 h in air at 753 Kin a
muffle furnace. For comparison, 1 wt % Pt/CaO, Pt/CaCO;,
Pt/y-Al,O; and Pt/CeO, catalysts were prepared by incipient
wetness impregnation with aqueous H,PtClg in addition.
Preparation of the Pt/CeO, catalyst has been described
elsewhere in detail” CeO, was obtained by calcination of
Ce(NO;);-6H,0 (Sinopharm) at 723 K for 4 h in a muffle
furnace. y-AlL,O; was prepared by calcination of pseudo
boehmite (Shandong Aluminum Co.) at 773 K for 4 h in a
muffle furnace.

Catalyst Characterization. X-ray diffraction (XRD)
patterns of the catalyst powders were recorded on a PANalytic
X'Pert Pro-1 instrument using Cu Ka radiation (4 = 0.1541
nm). The bulk Ca/P ratio and Pt content were analyzed with
an inductively coupled plasma optical emission spectrometer
(ICP-OES, PerkinElmer Optima 7300DV) after the catalyst
samples had been digested with aqua regia at room temper-
ature. The specific surface area was analyzed by N, adsorption
at 77 K using a QuadraSorb SI instrument (Quantachrome). All
samples were used as powders and degassed at 573 K for 6 h
under vacuum before N, adsorption and pore sizes were
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determined from the desorption branch of the isotherms.
Platinum dispersions were derived from H, and CO
chemisorption measurements at 323 K using an AutoChem
2910 system (Micromeritics) assuming that the molar ratio of
adsorbed H, to exposed Pt is 0.5 and 1 for adsorbed CO to
exposed Pt. Each catalyst (50 mg) was first reduced in 10% H,/
Ar at 573 K for 1 h, heated to 698 K under Ar (He) and kept at
that temperature for 1 h, and then cooled to 323 K in Ar (He).
Chemisorption measurements were performed at that temper-
ature by injecting a series of 10% H,/Ar (5% CO/He) pulses
until saturation adsorption was reached. Transmission electron
microscopy (TEM) images were obtained on a JEM-2100
system (JEOL) with an acceleration voltage of 200 kV. The
samples were ultrasonically suspended in ethanol and placed
onto a carbon film supported over a Cu grid for that purpose.

Fourier transform infrared (FTIR) spectra were recorded in
the 400—4000 cm ™' range at a resolution of 4 cm™" on a Bruker
Tensor 27 spectrometer equipped with a deuterated triglycine
sulfate (DTGS) detector. Carefully ground catalyst samples
were diluted with KBr (mass ratio 1:100) and pressed into self-
supporting wafers (13 mm diameter) for ex situ measurements
in air. Undiluted catalysts were pressed into self-supporting
wafers, and the DTGS detector was replaced by a mercury—
cadmium—telluride (MCT) detector for in situ FTIR
spectroscopic analyses under WGS conditions using a quartz
cell equipped with CaF, windows. Wafers were reduced in H,
at 573 K for 0.5 h and then purged in N, at 723 K for 0.5 h and
finally cooled to 523 K in N, before in situ measurements with
a 1.9% CO/3.2% H,0/He mixture that had been produced by
bubbling a 2% CO/He mixture through water at room
temperature.

X-ray photoelectron spectroscopy (XPS) experiments were
carried out on a Thermo ESCALAB 250Xi instrument to
determine the molar ratios of elements at the catalyst surface
using Al Ka radiation (hv = 1486.6 eV). The C 1s peak was set
at 284.8 eV and taken as reference for binding energy
calibration. Temperature-programmed reduction (TPR) was
carried out in a homemade system furnished with a thermal
conductivity (TCD) detector. All TPR samples were pretreated
in Ar at 473 K for 2 h, cooled to room temperature, and then
heated in 5% H,/Ar at a rate of 10 K min~". The TCD detector
was calibrated by reducing 5 mg of CuO to Cu for
quantification of H, consumption during TPR. Carbon
deposition after catalytic testing was probed by temperature-
programmed oxidation (TPO) in a home-built setup equipped
with a Pfeiffer OmniStar mass spectrometer (MS) to detect CO
(28), CO, (44), O, (32), and H,O (18). Values in parentheses
are monitored mass/charge ratios (m/z).

Catalytic Testing. WGS activity tests were carried out in a
fixed-bed quartz reactor with a diameter of 8 mm at
atmospheric pressure and temperatures between 523 and 723
K. The calcined catalysts were ground to powder, pressed into a
pellet at 20 MPa, crushed, and sieved. The particle size used for
catalytic testing was 40—60 mesh (250—380 um particles).
Typically 75 mg of catalyst was diluted with 100 mg of quartz
sand of the same particle size range and loaded into the quartz
reactor. The height of the catalyst bed was about 5 mm. The
reactor was heated under He to 523 K before the reactants were
introduced. Water was injected into a preheater with a
calibrated double-plunger pump (Elite P230), where it was
vaporized and mixed with the dry feed gas components. The
gas mixture for product-free activity tests consisted of 5% CO,
20% H,0, and 75% He. Those measurements were carried out
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Table 1. Characteristic Properties of Catalysts

sample pH” Sper” (m? g ) Pt (wt %)
Pt/HAP-10.5 10.5 71 0.77
Pt/HAP-10 10 71 0.74
Pt/HAP-9.5 9.5 85 0.78
Pt/HAP-9 9 77 0.82
Pt/FAP 10 73 0.78
Pt/CeO, 83 0.74
Pt/Ca-HAP-9 9 0.73
Pt/Ca-HAP-10 10 0.79

“Apatite synthesis pH. “Support surface area (without Pt). “ICP-OES

Ca/P molar ratio

dispersiond (%) dp (nm) ICP XPS
100 1.1 1.76
86° 1.3¢
96 1.2 1.75 1.64
73 1.6 1.68 1.51
81 1.4 1.58 1.45
101 1.1 1.75
150 0.8
58¢ 1.9¢
1.74
2.00

analysis. “H, chemisorption. °CO chemisorption.

at GHSV = 150000 mL g~ h™". A reformate type gas mixture
(15% CO, 5% CO,, 30% H,0, 40% H,, 10% N,) was used for
determination of specific reaction rates r and a long-term
stability test. The reactor tail gas was passed through a cooling
trap, where excess steam was condensed. The dry tail gas was
then fed to a gas chromatograph (Shimadzu GC-8A) equipped
with a TCD for CO, CO,, and CH, analysis.

The 100—160 mesh fraction (96—150 um particle size) of
the catalysts was diluted with quartz sand particles in the same
size range (100—160 mesh) and used for measurement of
specific reaction rates. The amount of catalyst was varied (20—
200 mg) to limit CO conversion to 20% at maximum. The
height of the catalyst bed was about 8 mm. Samples were
subjected to 12 h of conditioning in the product-free feed
mixture at 673 K before these measurements. At each reaction
temperature the tail gas was analyzed at different reaction times
to calculate CO conversion. No methane was observed during
measurement of the specific rates. Conversion of CO (Xco)
was calculated according to

[CO]J,, — [CO]
[col,,

out

Xco =

(1)

where [CO],, and [CO],, are CO concentrations in feed and
tail gas, respectively. Thermodynamic equilibrium WGS CO
conversions X, were calculated in an analogous manner by
replacing [CO],, in eq 1 with WGS equilibrium concentrations
[CO],, that were computed with the program Gaseq (http://
www.arcl02.dsl.pipex.com/).

B RESULTS

Catalyst Characteristics. Table 1 summarizes physico-
chemical properties of the prepared apatite and Pt/apatite
materials. All diffraction patterns (Figure SI in the Supporting
Information) correspond with the apatite structure (JCPDS 01-
074-0566).">"” No diffraction peaks resulting from Pt or its
oxides were observed for any Pt/apatite sample, indicating that
the particle size of Pt species remained below the XRD
detection limit (ca. 4 nm). Apatite crystallinity improved with
increasing pH of the synthesis solution according to the width
and resolution of the Bragg reflections. Note that mixed-phase
structures including HAP precipitated at pH < 8.5. Lattice
parameters a and ¢ of the Pt/HAP-X and Pt/FAP samples
matched very well with those of standard apatite patterns
(Table S1 in the Supporting Information). Chemical analyses
confirmed that the Ca/P molar ratio of the apatite materials
(Table 1) increased with increasing synthesis pH value, as

777

reported in the literature.'® Hydroxyapatite with stoichiometric
composition (Ca/P = 1.67) formed at pH 9.5. The Ca/P ratio
did not exceed 1.75 in the precipitated apatite materials, but it
was increased up to 2.00 via subsequent impregnation of as-
synthesized materials with Ca(NOj;), solutions. The surface
Ca/P ratios resulting from XPS analyses (Table 1) were smaller
than the bulk values, in agreement with previous studies.'®'**°
Textural properties of the apatite materials were determined
prior to impregnation with Pt. All adsorption—desorption
isotherms belong to type IV (Figure S2a in the Supporting
Information). The specific surface area Sggy ranged between 71
and 85 m? g' (Table 1). Similar Sgpp values have been
reported in the literature.'>** Substitution of hydroxide with
fluoride ions did not have an obvious impact on the surface
area. Interparticle pore size distributions (Figure S2b) were in
the typical range reported for apatite-supported catalysts'”™>
although noticeably reduced in FAP (5—20 nm) in comparison
to the HAP materials (10—30 nm). The noble-metal content of
all Pt/apatite catalysts was somewhat less than the targeted
amount, albeit very similar (0.73—0.82%, Table 1) according to
ICP-OES analyses. TEM showed that Pt was well dispersed on
the apatite catalysts (Figure S3 in the Supporting Information)
with most noble-metal clusters being smaller than 2 nm, in
good agreement with mean particle diameters and dispersions
derived from H, and CO chemisorption (Table 1).
Unfortunately, analysis of Pt particle size was not as
straightforward for the Pt/CeO, catalyst, although from the
absence of Pt XRD peaks it is clear that Pt aggregates were
smaller than ~4 nm there as well. Platinum particles could not
be detected by TEM due to a lack of contrast™ between them
and the CeO, support. Hydrogen chemisorption is also not
well suited for determining metal dispersions on reducible
oxides such as CeO, because concomitant surface reduction of
the latter insinuates often exceedingly high dispersion values as
for the present Pt/CeO, catalyst (Table 1).>° Carbon
monoxide chemisorption yielded 58% Pt dispersion, but that
method is not very accurate either when dealing with reducible
oxides: Reactive CO adsorption at surface hydroxyl groups can
lead to overestimation®" of metal dispersion, while strong metal
support interaction in such materials can result in much too
large Pt particle size estimates” as we previously experienced.””
Thus, we consider the 1.9 nm resulting from CO chemisorption
as an upper limit for Pt particle size with the lower limit of 1.1
nm following from 100% Pt dispersion. Accordingly, the mean
Pt particle size was not very different if at all on Pt/CeO, from
that on the apatite-supported catalysts. Figure 1 and Figure S4
in the Supporting Information show FTIR spectra of the Pt/
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Figure 1. Infrared spectra of Pt/HAP-10, Pt/HAP-9, Pt/Ca-HAP-9,
and Pt/FAP catalysts.

HAP-X and Pt/FAP materials which are rather similar and are
in good agreement with reported apatite IR spectra. The bands
at 576, 603, 962, 1041, and 1095 cm™! are due to bending and
stretching vibrational modes of the PO, tetrahedra.””**
These bands are considerably broadened in the samples
prepared at pH 9 and 9.5 (Figure S4), which hints at structural
disorder and is likely related to the lower crystallinity of these
materials (Figure S1 in the Supporting Information).
Interestingly, the broadening of the PO,’~ bands disappeared
after impregnation of Pt/HAP-9 with additional Ca’" ions. In
fact, the FTIR spectrum of Ca-impregnated Pt/Ca-HAP-9 was
practically identical with that of Pt/HAP-10 (Figure 1). Weak
bands at 1450 and 1413 cm™' can be attributed to carbonate
species’”** which might have originated from CO, adsorption
during preparation or subsequent handling in air. The band at
1385 cm ™! can be assigned to nitrite species’ resulting from
incomplete decomposition of residual nitrate from the synthesis
solution during calcination. Broad bands at 3446 and 1637
cm™ are due to adsorbed water.”” The characteristic OH~
librational and stretching bands””*® at 632 and 3572 cm™ are
missing in the Pt/FAP spectrum. This indicates that OH™ ions
inside the channels of the HAP structure can be completely
substituted by F~ ions, in agreement with literature
reports.34’39’40

Figure 2 shows H, TPR spectra of Pt/HAP-10 and Pt/FAP
and the corresponding noble-metal-free materials. There was
no appreciable H, consumption up to 973 K in case of the
fluoroapatite and also HAP-9 and HAP-9.5 (Figure SS in the
Supporting Information), while the other apatite materials
yielded weak reduction peaks around 723 K (773 K for HAP-
10.S; Figure S5) and stronger peaks around 923 K. In general,
Pt reduction started around 323 K, yielding a first maximum or
shoulder around 358—366 K and then two strong H,
consumption peaks around 483 K and 673—713 K, although
the weak initial maximum was missing and the second strong
reduction feature shifted to lower temperatures (608—678 K)
in the case of HAP-9 and HAP-9.5. These patterns are similar
to those reported by Takarroumt et al. for a series of Pt/HAP
catalysts with Ca/P & 1.60 and 0.42—2.40% Pt, although the
second strong Pt reduction peak above 573 K was observed
only at higher Pt loadings.”* They attributed H, consumption
below that temperature to reduction of Pt oxides and Pt** ions
on the surface and within the apatite lattice and H, uptake at
higher temperatures to adsorption of hydrogen on the reduced
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Figure 2. Temperature-programmed reduction spectra of HAP, FAP,
and corresponding Pt catalysts.

Pt. However, quantitative analysis of H, uptake (Table S2 in
the Supporting Information) would suggest rather high H,
adsorption on the reduced Pt of the catalysts investigated here
(H,/Pt = 1). On the other hand, similar TPR patterns with two
strong H, consumption features have been frequently observed
for Pt supported on other irreducible support materials and
were typically attributed to Pt oxides that interact weakly (ca.
523 K) and strongly (ca. 713—753 K) with the support.”'~*
Therefore, we attribute the two strong H, consumption peaks
of our Pt/apatite materials also to reduction of PtO, species
interacting weakly and strongly with the support. Reduction of
Pt oxides supported on the apatite materials is apparently
somewhat facilitated with respect to e.g. y-ALO;*' and HZSM-
5.%%* Furthermore, the low-temperature H, consumption with
a maximum below 373 K is most certainly due to Pt*" species,
as TPR of PtO, yields a reduction peak centered at 368—378
K.** The quantitative H, consumption analysis also suggests the
presence of highly oxidized Pt species, as total H,/Pt ratios
ranged between 1.5 and 2 for most catalysts (Table S2).
Catalytic Reaction. Figure 3 shows CO conversion over
Pt/HAP-X catalysts as a function of temperature in the
product-free reaction mixture. Carbon dioxide was the only
carbonaceous product over these catalysts: i.e., no CH,
formation was observed. Catalyst activity increased with Ca/P
ratio, with X¢q reaching equilibrium conversion over Pt/HAP-

100 |- &
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| —e—PtHAP-10.5
80 - —A— PY/HAP-10
| —v—PUHAP-9.5
—o— PY/HAP-9
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Figure 3. CO conversion over Pt/apatite and Pt/CeO, catalysts.
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10 and Pt/HAP-10.5 at 673 K. Moreover, CO conversion over
these two catalysts exceeded significantly that over a highly
WGS-active Pt/CeO, catalyst except at the lowest test
temperature. This previously reported Pt/CeO, catalyst had
the same nominal noble-metal loading.29 In contrast, Pt/HAP-9
and Pt/HAP-9.5 were much less WGS active and X did not
reach equilibrium even at 723 K. Interestingly, after the Ca/P
ratio of Pt/HAP-9 was raised to the same level as that of Pt/
HAP-10 via impregnation with Ca(NOj;), solution, CO
conversion over Pt/Ca-HAP-9 approached that over Pt/HAP-
10 over the entire temperature range (Figure S6 in the
Supporting Information). This corroborates that the Ca/P ratio
is important for WGS activity of Pt supported on
hydroxyapatites even though addition of further Ca to HAP-
10 did not trigger a further substantial X, enhancement
(Figure S6, Pt/Ca-HAP-10). Figure 3 shows in addition that
CO conversion over Pt/FAP was similar to that over the Pt/
CeO, reference catalyst. Note that HAP-10 did not exhibit any
WGS activity in the range from 523 to 723 K under these test
conditions. Furthermore, Pt supported on CaO and CaCOj,
yielded rather low CO conversion in this temperature range
(Figure S7 in the Supporting Information). Finally, we tested
the WGS activity of nominally 1% Pt on another irreducible
support, ie. y-Al,O; which also yielded much smaller Xco
values than all of the Pt/apatite catalysts except Pt/HAP-9 and
Pt/HAP-9.5 (Figure S7).

In order to assess the WGS activity of the apatite-supported
catalysts quantitatively, we measured specific reaction rates in
the reformate-type mixture between 573 and 673 K. Figure 4
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Figure 4. WGS rates in reformate-type feed gas in the temperature
range 573—673 K.

shows Arrhenius plots of the determined reaction rates, from
which activation energies E, were derived. These are given in
Table 2 together with the specific reaction rates at 573 K and
corresponding turnover frequencies (TOFs) calculated from Pt
dispersion (Table 1). Reaction rates varied only marginally with
space velocity (Figure S8 in the Supporting Information),
demonstrating that diffusion within the catalyst bed had
negligible impact under our kinetic test conditions. The table
also includes such data of Pt WGS catalysts from the
literature”' "™ that were tested in product-containing
(CO,, H,) reaction mixtures. The WGS activation energies of
the apatite-supported catalysts are at the upper end of the range
reported for those literature catalysts but are close to the 82 kJ
mol™ found for the Pt/CeQ, catalyst prepared here. Note that
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Thinon et al.” reported a somewhat lower value of 65 kJ mol™
for a 2% Pt/CeO, catalyst that exhibited also a rather moderate
specific WGS reaction rate (Table 2). This shows that
precursor materials and preparation methods are very
important for the activity of WGS catalysts supported on
reducible oxides where metal—support interactions® play a
significant role.

Figure 4 and the tabulated reaction rates confirm that all Pt/
apatite catalysts are more WGS active than our Pt/CeO,
catalyst except for Pt/HAP-9 and Pt/HAP-9.5. In fact, the
specific reaction rates are very similar for the catalysts
supported on apatites with Ca/P > 1.75 and exceed that of
the ceria-supported catalyst by ca. 50% in the case of Pt/FAP
and Pt/Ca-HAP-10. This assessment also stands when TOFs
are considered. It is unclear whether turnover frequencies over
the apatite catalysts are indeed lower than those over our Pt/
CeO, catalyst because of the uncertainty associated with Pt
dispersion on CeO, (vide supra). We employed the lowest
plausible dispersion for calculation so that the tabulated TOF is
the upper limit for this Pt/CeO, catalyst. Even if correct, that
value only would signal that larger Pt particles on CeO, are
more WGS active than smaller particles on apatite supports.
However, a larger Pt fraction will be inaccessible in larger
particles, reducing the utilization efficiency of the precious
metal. Therefore, from a practical (i.e., cost) point of view it is
more interesting to consider reaction rates normalized to Pt
amount, which are included in Table 2 as well. These also
facilitate comparisons with literature catalysts, as they account
for differing noble-metal contents. From these normalized
reaction rates it is obvious that the best apatite-supported
catalysts rank among the top Pt WGS catalysts reported so far.
Only a strongly sodium promoted Pt/TiO, catalyst gave a
higher specific WGS rate at 573 K.** The latter catalyst was
tested in a rather diluted mixture with no CO, present,
however.

Reaction Intermediates. Figure 5 shows in situ FTIR
spectra of the Pt/HAP-10.5 catalysts recorded at 523 K under
N, and a WGS mixture consisting of 1.9% CO and 3.2% H,O
in He. The spectrum under an N, atmosphere is practically
identical with that reported by Canepa et al. for hydroxyapatite
nanoparticles.”" Accordingly, the bands in the 1300—1600 cm™
range are due to carbonate species, the band centered at 1630
cm™" originates from H,O molecules (bending mode) on the
surface, and the group of bands between 1900 and 2250 cm™
are overtones and combinations of the fundamental phosphate
modes below 1250 cm™ (cf. Figure 1). In addition there is a
broad and asymmetric adsorption spreading out from 2250 to
3800 cm™" which arises from superposition of stretching modes
of surface hydroxy groups and H,0O molecules involved in H
bonding.”" Several additional bands emerged after switching to
the WGS atmosphere. The intense band at 2051 cm™ can be
readily assigned to CO bonded to Pt on the basis of literature
(2059 cm™).>* On the other hand, bands at 1349, 1378, 1588,
and 2858 cm™! agree very well with the symmetric (v,(CO))
and asymmetric C—O stretching (v,,(CO)) and the C—H
bending (6(CH)) and stretching (v(CH)) modes reported for
formate anions in aqueous solution (,(CO) 1351 cm ~/,
5(CH) 1383 cm™, 1,(CO) 1585 cm™, v(CH) 2803)°” and icy
matter (v,(CO) 1350 cm ~%, §(CH) 1380 cm™’, v,,(CO) 1580
cm™).>* Furthermore, the band at 1756 cm™' matches well
with the stretching mode reported for gaseous formic acid at
v(CO) 1767 cm™'.>° Thus, formate appears to be the key
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Table 2. Specific WGS Reaction Rates r of Pt-Based Catalysts at 573 K and Atmospheric Pressure

catalyst Pt (wt %) 7 (umolco gt s70)
Pt/HAP-10.5 0.77 216
Pt/HAP-10 0.74 212
Pt/HAP-9.5 0.78 2.9
Pt/HAP-9 0.82 1.7°
Pt/FAP 0.78 24.0
Pt/Ca-HAP-10 0.79 249
Pt/Ca-HAP-9 0.73 16.5
Pt/CeO, 0.74 16.0
Pt/CeO, 2 15
Pt/Ce0,/AlL,O, 0.9 27°
Pt/ZrO, LS 20°
Pt/TiO, 1.9 39°
Pt/Fe,0, LS 6
Pt-4Na-TiO, 1 58.67
Pt/MgO-CeO, 1 2.8¢
Pt/6VCeO, 115 3.8°
Pt/ZrO, 095 233
Pt/Ti/ZrO, 0.97 7.5¢
Pt/CeO, 0.5 6.3¢
Pt/Cay3Ce(sO, 5 0.5 12.5¢%
Pt/Ce(La)O, NaCN leached 3.06" 737"
Pt/Ce(La)O, 415" 45

“Rate at 623 K. "Calculated for 8% Pt dispersion. “Reactant composition

r (molco molp, ! s71) TOF (s7') E, (k] mol™) ref
0.548 0.55 83 this work
0.558 0.58 82 this work
0.072 0.10 90 this work
0.040“ 0.05 89 this work
0.596 0.60 81 this work
0.617 87 this work
0.444 83 this work
0.424 0.73" 82 this work
0.146 65 7
0.585 70 7
0.260 58 7
0.400 23 7
0.078 44 7
1.143 3.82 80 45
0.055 46
0.064 86 47
0.048 0.41 48
0.151 0.43 48
0.248 0.33 13
0.490 0.65 13
0.470 75 49
0.211 75 49

: 10% CO, 20% H,0, 10% CO,, 30% H,, 30% Ar. 9Reactant composition:

2.83% CO, 5.66% H,0, 37.74% H,, 53.77% He. “Reactant composition: 6.0% CO, 60.0% H,0, 1.6% CO,, 16.0% H,, 0.4% CH,, 16.0% N,.”Reactant
composition: 7.0% CO, 22.0% H,0, 8.5% CO,, 37% H,, 25.5% N,. #Reactant composition: 3.0% CO, 26.2% H,, 29.9% H,, 3.7% N,, 37.2% He. Pt
dispersion was estimated at 75% assuming 1.5 nm hemispherical particles according to an established method.”>*° #Pt content calculated from bulk
atomic Pt/Ce/La ratio assuming CeO, and La,O;. ‘Reactant composition: 11% CO, 26% H,0, 7% CO,, 26% H,, 26% He.
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Figure S. In situ FTIR spectra of Pt/HAP-10.5 catalyst under an N,
and WGS atmosphere at 523 K.

intermediate in the WGS reaction over apatite-supported Pt
catalysts.

Catalyst Stability. Stability of the Pt/HAP-10.5 and Pt/
CeO, catalysts was tested in the reformate-type mixture at 673
K (Figure 6). CO conversion dropped somewhat over both
catalysts during the first 24 h but then remained constant at
~52% for Pt/HAP-10.5 and ~47% for Pt/CeO, for the
remainder of the 100 h experiment. This demonstrates that the
apatite-supported catalyst retained its superior WGS perform-
ance during continuous operation. It was characterized by
XRD, BET, TEM, and TPO measurements after this test. The
XRD pattern of the stability-tested sample was identical with
that of the fresh sample (Figure S9 in the Supporting
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Figure 6. Stability of Pt/HAP-10.5 and Pt/CeO, catalysts in
reformate-type feed gas at 673 K.

Information), while Sgpp had decreased from 78 m* g to 53
m* ¢! with a concomitant increase of the average pore size
from 10 to 16 nm (Figure S10 in the Supporting Information).
This may indicate blocking of the smaller support pores. TPO
experiments yielded a weak CO, signal (m/z 44) between 523
and 823 K, but this was again practically identical with that
from a fresh catalyst sample (Figure S11 in the Supporting
Information). In addition, the H,O signals (m/z 18) were
rather similar before and after WGS testing (Figure S11). Thus,
CO, evolution was likely due to contraction of airborne
carbonaceous contaminants during handling of the samples
under ambient atmosphere, and coke formation remained
below the detection level of our facilities after 100 h operation
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of Pt/HAP-10.5 in reformate. Finally, Figure 7 shows TEM
images and Pt particle size distributions of the fresh and used

b
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Figure 7. TEM images and Pt particle size distributions of fresh (a, c)
and used (b, d) Pt/HAP-10.5 catalyst samples.

Pt/HAP-10.5 samples. The Pt particle size had increased
slightly from ca. 1 nm to ca. 2 nm after 100 h, but it remained
quite uniform. This minor Pt particle growth and decrease of
surface area might be responsible for the initial Xy decline
during the stability test, but the rapid stabilization of CO
conversion shows that these apatite catalysts are structurally
stable under typical WGS conditions at 673 K.

B DISCUSSION

The high-temperature WGS activity of Pt/apatite catalysts
clearly correlates with the Ca/P ratio of the support material.
Addition of Ca is known to promote the WGS conversion rates
on Pt/Ce0,"'>*® and Pt/TiO,"” significantly. Incorporation of
Ca’ into ceria and titania lattices enhances the reducibility and
mobility of oxygen."””” Linganiso et al. suggested that this
improves the mobility of O-bound reaction intermediates such
as formates, carbonates, and carboxylates and thus facilitates
their decomposition into CO, and H,."> Kondarides and co-
workers attributed the higher reaction rates to the creation of
oxygen vacancies at the Pt support interface that are capable of
adsorption and activation of both CO and H,0.°**” Neither of
these scenarios can apply in the present case, since apatites are
not easily reduced and TPR peaks below 773 K can be readily
attributed to PtO, species in our catalysts.

The noble metal is generally thought to be responsible for
CO activation in supported WGS catalysts, while the oxide
activates H,0.” The intense Pt—CO band in the in situ FTIR
spectrum suggests that CO is activated on Pt in HAP catalysts
as well. It is also plausible that apatites assume the H,O
activating role in the catalysts investigated here, given their very
large hydrophilicity.”® Ab initio calculations for the two most
important HAP surfaces confirmed that their affinity is high for
H,0.%”%° While H,O adsorbs molecularly on the (001) surface,
it dissociates spontaneously on the (010) surface in a
barrierless, highly exothermal process (—250 to —320 kJ
mol ™), %iving rise to new surface terminations (Ca—OH and
PO-H).>"* Calculated H,O binding energies (—50 to —100
kJ mol™") agree well with calorimetric adsorption enthalpies,
revealing also that the affinity of the reconstructed (010)
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surface for H,O remains nearly as high as that of the (010)
surface.”’

Combining IR spectroscopy and microgravimetry, it has been
inferred that H,O molecules are coordinated approximately in a
1:1 ratio to surface Ca*" ions in the first hydration layer.”® The
computational modeling provided more detailed insight into
the interaction between H,O and HAP at the molecular level in
addition. Unsaturated surface Ca* cations act as Lewis acids to
which water molecules coordinate through their O atom, while
a rather strong H bond is simultaneous?f formed with a basic O
atom of a neighboring PO,*~ group.éo’ ' Hence, the large H,O
binding energies on HAP surfaces are due to a synergetic
bonding situation that renders the adsorbed H,O molecules
highly polarized if not dissociated. In these states H,O will be
very reactive toward electrophilic molecules such as CO. The
dual H,O bonding also allows for a rationale for the observed
WGS activity dependence on Ca/P ratio: Ca** ions are essential
for anchoring H,O, and thus their concentration determines
the density of these reactant molecules on the HAP surface in
the first place. The secondary H bonding requires a sufficient
number of accessible O atoms from PO,>~ units in the vicinity
of the cations, on the other hand. This sets an upper limit for
the number of fully activated H,0 molecules on the HAP
surface, which could explain why WGS activity levels off around
Ca/P ~ 1.75. Note that the surface Ca/P ratio (Table 1)
approached the value of stoichiometric HAP (i.e.,, 1.67) at this
overall composition. Presumably, H,O activation benefits from
an optimum balance between Ca** and PO,’” ions on the
apatite surface. Activation of additional H,O molecules is
probably not feasible via simultaneous coordination to Ca** and
H bonding to PO,*” ions above that boundary. Obviously this
implies that H,O activation is a key step in the WGS reaction
on these Pt/apatite catalysts. Preliminary kinetic analyses reveal
that the H,O reaction order # is noticeably larger for Pt/HAP-
10.5 (n = 0.81) than for Pt/CeO, (n = 0.55) at 623 K,
indicating a greater influence of H,O on the apatite-supported
WGS catalysts as well.

The similarity of activation energies further suggests that the
rate-determining steps involve similar activated species on Pt
WGS catalysts supported on apatite and reducible oxides such
as CeO,. The exact nature of the relevant intermediates and the
mechanistic route(s) for the WGS reaction are still a matter of
debate.” Two general types of reaction pathways are under
discussion in the case of Pt/CeQ,: i.e., associative mechanisms
involving e.g. formate®®® and/or carboxylate species”* and
regenerative redox routes involving oxygen transfer from the
support.”® Such a redox mechanism does not appear to be
viable for WGS on Pt/apatites, considering the irreducible
character of the support. Formate species have been frequently
proposed®® as crucial intermediates in associative mecha-
nisms, on the other hand, and their decomposition into CO, is
deemed to be rate-determining.” The in situ FTIR analysis of
the Pt/HAP-10.5 catalyst under the CO/H,0/He atmosphere
(Figure S) strongly suggests that formate is also the key
reaction intermediate in the WGS reaction over apatite-
supported catalysts.

Ab initio calculations have also been employed to investigate
the interaction of formic acid with HAP surfaces.”’ Formic acid
was found to adsorb molecularly on the (001) surface with
binding energies of around 190 kJ mol™" but to dissociate
spontaneously on the water-reconstructed (010) surface with a
formate ion binding energy of ca. 250 kJ mol™".”" Formate ions
can also form on the (001) surface, albeit with a somewhat
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lower binding energy (ca. 170 kJ mol™).”" This demonstrates
that apatite surfaces can stabilize formate ions rather well once
they are formed there. Formate acts as a bidentate ligand with
its two O atoms coordinating to two separate Ca’" ions on the
(001) HAP surface.”’ The bonding situation is more complex
on the reconstructed (010) surface, where one formate O atom
bonds to two Ca®* ions. The other formate O atom bonds to a
third Ca*" ion and also forms a hydrogen bond with the nearby
H atom of hydroxide ions resulting from H,O dissociation on
the (010) surface.”’ Similar adducts between Pt-activated CO
and apatite-activated H,O molecules can be readily envisioned
as intermediates of the WGS reaction on apatite-supported
catalysts. The requirement of multiple Ca** surface ions for
formation of formate-like activated complexes may also play a
role in the large sensitivity of WGS reaction rates toward the
surface Ca/P ratio of apatites. Moreover, formate reaction
intermediates may explain why apatite-supported catalysts were
less WGS active than the Pt/CeQO, catalyst below 523 K
(Figure 3). Decomposition of intermediary formate adducts
could be hampered on Pt/HAP at lower temperatures because
of their better stabilization on apatite than on CeO, surfaces.
Thus, the observed WGS activity trends of Pt/apatite catalysts
can be well understood in the framework of an associative
mechanism involving formate-like reaction intermediates.
Irrespective of mechanistic details, it is obvious that the
outstanding high-temperature WGS activity of optimized Pt/
apatite catalysts is due to the very efficient H,O activation on
the ionic apatite surface. In fact, H,O is more difficult to
activate than CO between the two WGS reactants, due to its
thermodynamic stability.” The present results suggest that H,O
activation is superior on apatites in comparison with CeO,,
where the WGS reaction is aided by facile redox cycling of the
latter material. The specific HTS reaction rate on the Pt/CeO,
catalyst tested here is among the highest for such Pt catalysts
supported on reducible oxides reported in the literature (Table
2). Therefore, the oxygen storage capacity of reducible oxides
appears to be less important for improving the (high-
temperature) WGS activity than efficient H,O activation.
Evidently the latter can be more readily achieved on suitable
ionic materials such as apatites. However, note that structural
OH™ ions of HAP are not involved in H,O adsorption and
activation as H,O moves away from those basic ions.*’
Therefore, it is not surprising that their substitution with F~
ions has no effect on the WGS activity and reaction rates on
optimized Pt/FAP and Pt/HAP are practically the same.

Bl CONCLUSION

The water-gas shift activity of Pt/apatite catalysts is strongly
correlated with increasing Ca/P ratio in the support material,
until it levels off around Ca/P = 1.75. The WGS activity of
such optimized catalysts exceeds that of a highly active Pt/
CeO, catalyst prepared here with the same noble metal loading
above 523 K, with specific reaction rates being up to 50%
higher at 573 K. This extraordinary WGS performance is
attributed to superior activation of H,O and stabilization of
ensuing formate-like reaction intermediates on these hydro-
philic, ionic oxides. Literature ab initio modeling studies™”®’
indicate that simultaneous coordination of H,O to Lewis acidic
Ca’" ions and H bonding to basic O atoms of PO,*” units
render H,O molecules highly polarized and thus reactive on
apatite surfaces. Moreover, the apatite-supported catalysts do
not exhibit any methanation activity up to 723 K but good
stability, as CO conversion remained constant during a 100 h
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test at 673 K after a minor initial activity loss. The latter is likely
due to growth of mean Pt particle size from ca. 1 nm to ca. 2
nm, since TPO of a fresh and the stability tested sample yielded
minor and practically identical CO, emission patterns. This
very favorable set of characteristics makes Pt/apatite catalysts
promising candidates for application in single-stage, high-
temperature WGS devices that require catalyst beds with large
spatial and minimal mass transfer limitations such as micro and
membrane reactors.
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