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Abstract—The study is presented on the influence of the composition of a ceria-zirconia support on the struc-
ture and the activity in water-gas shift reaction of platinum catalysts (Pt/Cej75Zr;,50, and
Pt/Ce( 4Z1( 5Y( o5Lag g5O,). The structure diagnostics of the samples were performed using high-resolution
transmission electron microscopy, powder X-ray diffraction, CO chemisorption and X-ray atomic pair dis-
tribution function method. It was shown that the catalysts contain highly dispersed platinum particles not
exceeding 2 nm in size. Platinum particles supported on Ce 75Zr, ,50, are smaller due to the higher specific
surface area of the support. The catalysts Pt/Ce 75Zr, ,50, and Pt/Ce 4Zr 5Y, osLag 5O, proved to have
similar efficiency while having the same platinum content. It was assumed that the catalysts supported on
Ceg 421 5Y, gsLag 050, demonstrate a slightly higher turnover frequency per platinum surface atom, but it is
likely compensated by the difference in the supported metal particle size.
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INTRODUCTION

Pure hydrogen production is one of the key prob-
lem for hydrogen economy. Hydrogen generation
from water requires minimum efforts for purifying and
separation of the gas mixture and is considered to be
the best choice, although not being economically and
ecologically viable in most cases. Therefore, the stud-
ies of the processes of hydrogen production from syn-
gas are of high importance. In its turn, syngas can be
obtained from the variety of organics [1, 2]. In this
case, total CO removal from the hydrogen-rich gas is
essential, since this impurity poisons, specifically, the
platinum electrocatalysts in the proton-exchange
membrane fuel cells, and its content in hydrogen must
not exceed 10 ppm [3]. To meet this target, a two-step
purification process is considered. The first stage—
water-gas shift reaction (WGS)—provides for the oxi-
dation of most of CO to CO, which can be easily
adsorbed and separated from hydrogen. Then CO

Abbreviations and notation: WGS, water gas shift; WHSV, weight
hourly space velocity; ICP-AES, inductively coupled plasma-
atomic emission spectroscopy; XRD, X-ray diffraction; CSR,
coherent scattering region; PDF, pair distribution function
analysis; HR TEM, high-resolution transmission electron
microscopy; TPR, temperature-programmed reduction; TPD,
temperature-programmed reduction; Sggt, specific surface

area; V, total pore volume; V;,, micropore volume.
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residual (~1%) can be oxidized to CO, by oxygen [4]
or reduced to CH, [5].

Over the last decades catalytic systems based on
CeO, have been considered to be one of the best alter-
natives to Cu-Zn oxide catalysts used for industrial
WGS implementation [6, 7]. In particular, the former
do not require the long-time preliminary activation
and are tolerant of oxygen traces, and it favorably dis-
tinguishes them from the latter ones [7]. Deposition of
the noble metals (Pt, Au) on CeO, makes it possible to
obtain the catalysts providing for the highly effective
WGS process at relatively low temperatures [8, 9]. It is
of particular importance to decrease the temperature
of WGS, because higher temperatures lead to lower
CO conversion [10]. For this reason, the catalyst active
at lower temperatures can potentially provide for
required CO concentration in one stage.

The effectiveness of CeO,-based catalysts in WGS
is caused by their strong interaction with the supported
metal, as well as by the high oxygen mobility and facile
Ce’3"—Ce*" transition which allows for the formation
of a large quantity of oxygen vacancies [11, 12].
Despite of the lack of information on the nature of the
active sites in CeO,-based catalysts, there is an
increase in a number of studies confirming a hypothe-
sis on the localization of the reaction on the metal-
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support interface: CO is adsorbed on Pt atom, while
H,0 adsorption and dissociation take place on an oxy-
gen vacancy [13—15]. This way, the number of oxygen
vacancies on the surface of the oxide can be one of the
factors affecting the activity of a catalyst in WGS.

Despite the described advantages, CeO, also has
some limitations. For example, this oxide undergoes
sintering at high temperatures and has poor mechani-
cal stability [16, 17], which is important in the case of
pelleted catalysts. Doping the oxide with zirconium
was suggested to improve these characteristics [17]. It
was shown [18—22] that Ce,_,Zr, O, demonstrates bet-
ter thermal stability and oxygen mobility, as well as
facilitates the formation of larger amount of oxygen
vacancies on the surface of the oxide providing for bet-
ter performance of the catalyst. At the same time,
there is a possibility of the formation of the ZrO, phase
at x > 0.45, which can lead to the blocking of the con-
tact between CeO, and metal and, hence, degrade the
activity [20]. Apart from Zr, La [23-28], Y [25, 29,
30], Gd [24, 28, 31], Sm [26, 30, 32], Pr[33—35] and
other rare-earth and transition metals are used as dop-
ants to increase the number of the defects in the struc-
ture of the oxide.

In this work, the study is presented on the influ-
ence of the ceria-zirconia composition on the struc-
ture of the supported platinum catalysts. Two oxide
supports  Ce 75219550, and  Ceg4Zry5Y) 05120050,
were taken for this purpose. The correlation was ana-
lyzed between the textural characteristics of the sup-
port, the supported Pt particle size and the catalytic
activity of the obtained samples in WGS in the refor-
mate-simulating feed gas.

MATERIALS AND METHODS
Catalyst Preparation

The oxide support Ce,, ;521 ,50, (denoted as CeZr)
was synthesized by the coprecipitation technique.
Ce(NO;);-6H,0 and ZrO(NO,),-8H,0 were used as
precursors for ceria and zirconia. Ammonia aqueous
solution was used as precipitator. To synthesize
Ce, 75Z14,50, support, nitrates were mixed in mole
ratio Ce : Zr = 3 : 1 and dissolved in water under stir-
ring until a transparent solution was obtained. Cerium
and zirconium hydroxides were coprecipitated by the
reverse precipitation method, i.e. the aqueous solution
of cerium and zirconyl nitrates was added dropwise to
the ammonia aqueous solution. After that the resulted
precipitate was aged for 30 min and then filtrated. It
was dried at 80°C for 15 h and calcined at 450°C. Also
commercial (Optalys ®) oxide support
CeyaZrysYyosLagsO, (CeZrYLa) was used for cata-
lyst preparation. Both the supports have packed den-
sity of ~0.4 g/cm’.

1.9 and 5 wt % of platinum was deposited on the
supports by the sorption-hydrolytic technique [36, 37]. A
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portion of K,PtCl, was dissolved in distilled water in a
thermostatic beaker, then a portion of the oxide pow-
der was added. Na,COj; solution was added dropwise
under stirring with a magnetic stirrer (~0.05 M, Na,COj; :
K,PtCl, = 1.1 : 1). After that the slurry was being
mixed at 25°C for 15 min, then—at 80°C for 40 min.
After this time was over, the solution was checked for
the presence of Pt ions using NaBH—ones have not
been detected, and for this reason all the platinum was
supposed to be deposited on the surface of the support
(which was confirmed later by the analysis of the pre-
pared catalysts using ICP-AES). The solution was sep-
arated from the solid phase which was then washed
with ~100 mL of hot water and dried for 9 h in a des-
iccator at 80°C. The sample was reduced in H, flow at
350°C for 1 h.

Catalytic Tests

The catalytic tests of the prepared samples in WGS
were carried out in a glass tubular U-shaped flow reactor
(inner diameter 3 mm). The catalyst load was 125 mg,

0.2-0.5 mm fraction, WHSV was 30000 mL g_,, h~!. The
composition of the feed gas (vol %): 10 CO, 15 CO,,
45 H,, 30 H,O (with an accuracy of *1 abs. %). The
temperature of the catalyst bed was controlled using
K-type thermocouple placed right in its center. Water
vapour was supplied using a saturator which provided
for its stable concentration in the feed gas during the
experiments (the gas pipes were heated before and
after the reactor). The gas mixture before and after the
reactor was analyzed using a gas chromatograph Chro-
mos GC-1000 (Chromos, Russia) equipped with a
thermal conductivity detector (CaA molecular sieves
column) and flame-ionization detector (PorapakQ
column) with a methanator, the sensitivity to CO, CO,
and CH, concentrations was about 1 ppm. The sepa-
ration of C-containing compounds on the column
with a subsequent methanation of carbon oxides
allows analyzing them using flame-ionization detector
with an accuracy of £3 rel %.

Catalyst Characterization

The textural characteristics (specific surface area
(SgE), total pore volume (V,,,) and micropore vol-
ume (Vpicropore)) Of the oxide supports and the catalysts
based on them were studied by the low-temperature
N, adsorption at —196°C using a surface area ana-
lyzer ASAP 2400 (Micromeritics Instrument Corpo-
ration, USA).

X-ray diffraction analysis (XRD) was carried out at
transmission mode using the MoK,-radiation (A =
0.7093 A) by means of a STADI MP diffractometer
(STOE, Germany) equipped with a MYTHEN2 1K
detector (Dectris AG, Switzerland). The measure-
ments were performed in the 20 range from 1° to 137°
KINETICS AND CATALYSIS  Vol. 64
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with an interval of 0.015°. The average scatter coherent
region size (CSR) of the detected phases were calcu-
lated from the peak broadenings using Scherrer equa-
tion. An instrumental broadening, which was deter-
mined from the XRD pattern of a standard sample
NIST SRM 660c (LaB;), was also taken into account.

For the structural diagnostics of the highly dis-
persed platinum compounds in the catalysts on the
atomic level atomic pair distribution function analysis
(PDF) was used [38—40]. The atomic pair distribution
function, G(r), shows the distribution of the inter-
atomic distances in the material under study. The
coordination peak positions correspond to the equilib-
rium interatomic distances, the peak areas are related
to abundance of the corresponding atomic pair (coor-
dination number) and scattering ability of the atoms.

G(r) function is calculated using Fourier transfor-
mation of the reduced total scattering function:

G(r) = % [ei(g)sinondo, (1)
0

where Q = (4msin0)/A is the scattering vector value;
A—the radiation wavelength; i(Q) is interference part
of scattering intensity.

The main stages of the data processing include cor-
rections for the background, absorption, exclusion of
the contribution of incoherent Compton scattering,
separation of the interference part of the scattering
intensity due to the ordered arrangement of atoms
[38]. The G(r) function resolution depends on the
maximum scattering vector value Q... The experi-
mental data obtained in this work correspond to the
value Q... = 15.8 A~!. G(r) function calculation was
performed using PDFgetX?2 software [41]. The calcu-
lation of the model G(r) functions was carried out
using PDFfit2 software [42] based on the structural
data presented in the ICSD database [43]. The correc-
tions dealt with a small size of the model particles were
made using spherical shape factor “cutting” the G(r)
function [44, 45].

The study of the samples was performed by means
of transmission electron microscopes (TEM) JEM-
2010 and JEM-2200FS (JEOL, Japan) with the reso-
lution of 1.4 and 1 A, respectively, operated at 200 kV.
The samples were prepared on a perforated carbon
film mounted on a copper grid of 3 mm mesh. Alco-
holic suspensions were dispersed by ultrasonication
and deposited onto the substrates.

CO chemisorption studies of the samples were per-
formed using TPR/TPD analyzer ChemBET Pulsar
(Quantachrome Inst., USA). For each experiment
0.05 g of the sample were placed into the quartz tube,
heated in 10% H,/He flow to 250°C with the heating
rate of 10°C/min and kept at this temperature for
25 min, total reduction of the samples was determined
from the observed hydrogen uptake. Then the samples
were cooled in He flow to 30°C, and pulse titration by
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Table 1. Textural characteristics of the supports and the as-
prepared catalysts containing 5 wt % Pt*

Sarr, v

Sample anE/ Tg Viores €M*/2 :zg;ze
CeZr 80 0.20 0
CeZrYLa 73 0.35 0
5% Pt/CeZr 78 0.18 0
5% Pt/CeZrYLa 70 0.31 0

* The accuracy of SgT, Vpore and Vicropore €stimation is 10 rel %.

the mixture 10% CO in He was performed. After that
the samples were oxidized by air at room temperature
for 30 min, and the cycle was repeated. Specific sur-
face area and particle size of Pt were calculated from
the obtained data given the assumptions: 1) one CO
molecule is adsorbed on one metal atom; 2) the parti-
cles are spherical.

RESULTS AND DISCUSSION

The textural characteristics of the as-prepared
samples containing 5 wt % Pt, as well as pure supports
were studied by low-temperature nitrogen adsorption
(Table 1). With an error of Sy estimation of about
10 rel % taken into account, one can conclude that Pt
deposition did not lead to significant changes in the
specific surface area and did not cause blocking of the
transport pores.

Catalytic tests of the samples in WGS using refor-
mate-simulating feed gas showed that, as long as the
platinum loadings are the same, there is no noticeable
influence of the support on the process effectiveness
(Fig. 1a). With regard to the side reaction of methan-
ation of carbon oxides, which can occur under these
conditions, no significant differences were found
either (Fig. 1b).

It should be noted that an increase of platinum
loading influences positively on the temperature of the
highest CO conversion. For example, in the case of the
catalysts with 5 wt % Pt the minimum of CO concentra-
tion was observed at 7'~ 280°C, while for 1.9 wt % Pt—
only at T = 310°C. Performing the WGS process at
lower temperatures is more favorable not only for
higher CO to CO, conversion. It is seen from the
Fig. 1b that at 7' < 280°C the contribution of the side
reaction of methanation is negligible which allows
obtaining hydrogen of higher purity after the reaction.

Platinum catalysts containing 5 wt % Pt before and
after WGS, as well as pure oxide supports were inves-
tigated by means of XRD (Fig. 2). According to the
obtained data, the CeZr support (Ce ;521 ,50,) rep-
resent single phase of a substitution solid solution with
a cubic fluorite-type structure (space group Fm3m)

(Fig. 2a). The value of the cubic cell parameter a of the
mixed oxide Ce, Zr,O, is 5.352(1) A. The ratio
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Fig. 1. Temperature dependency of (a) CO and (b) CH,4 concentrations in the outlet gas after WGS. Dashed line—the theoretical equi-
librium CO concentration; the composition of the feed gas (vol %): 10 CO, 15 CO,, 45 H,, 30 H,O; WHSV—30000 mL gg;t h L

between the cations determined from the parameter
meets the targeted one which indicates homogeneity
of the composition of the synthesized oxide. The aver-
age size of SCR is Dxgp = 5.0 £ 0.5 nm. The CeZrYLa
support (Cey 4721, sLag05Y0s0,) represents a mixed
oxide with the fluorite-type structure (Fig. 2b). The
cell parameter value @ = 5.251(1) A is lower than one
for ceria CeO, (PDF#00-043-1002, a = 5.411 A)
because of the strong cation modification resulting in
the formation of a substitution solid solution. The
average SCR size is Dxgrp = 8.0 £ 0.5 nm.

It was shown that both catalysts before and after the
catalytic tests contain highly dispersed platinum com-
pounds which cannot be detected by XRD. Compari-
son of the diffraction patterns of the catalysts and sup-
ports (Fig. 2) did not reveal any additional peaks for
crystalline Pt-containing phases. For this reason, the
samples were later investigated by the atomic pair dis-
tribution function method. In the case of the sup-
ported catalysts an atomic pair distribution pattern
G(r) contains information about interatomic distances
in the supported particles, as well as in the support
material. To obtain data on the local atomic order in
the active phase particles, differential patterns (d—
G(r)) were calculated by subtracting a normalized pat-
tern of the support from the one of the catalyst (Fig. 3).

Based on the analysis of the observed correlations in
the arrangement of atoms it was concluded that both
the catalysts tested in WGS contain ultra-dispersed
particles of metallic platinum Pt°. Intensive coordina-
tion peaks for the distances r = 2.75, 4.80, 7.32 A
(Fig. 3) can be distinguished on the differential d—
G(r) patterns showing the order of platinum atoms.
These interatomic distances are specific for the crystal
structure of metallic platinum. The model pattern G(r)
calculated for Pt° particles is in good agreement with
the experimental one. A gradual decrease of amplitude
of coordination peaks with an increase of distance on
the experimental d—G(r) patterns is associated with
the size effect (ultra-small particles). The model G(r)
pattern for the Pt° particles of 1.5 nm in size matches
the experimental d—G(r) ones much better. Therefore,
the analysis of the short-range atomic order has shown
that the catalysts tested in WGS contain predomi-
nantly ultra-dispersed particles of metallic platinum
Pt°. A precision analysis of the particle size by the
atomic pair distribution function method is challeng-
ing, additional methods should be applied.

The catalysts after the reaction were also studied
using TEM and CO chemisorption. For example,
Fig. 4 shows the micrographs of the samples of the
catalysts containing 5 wt % Pt (the ones for 1.9 wt % Pt
KINETICS AND CATALYSIS  Vol. 64
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Fig. 2. Diffraction patterns of the supports and the catalysts based on them containing 5 wt % Pt: CeZr (a), CeZrYLa (b); (/) the
support, (2) the catalyst before WGS, (3) the catalyst after WGS.

samples are not presented since they are similar). It
can be seen that the Pt particles after the reaction have
a hemisphere-like shape, retain their high dispersion
and are uniformly distributed. These results along with
the ones presented earlier in [37, 46] confirm the via-
bility of the sorption-hydrolytic technique for prepa-
ration of the catalysts with good reproducibility of the
supported metal particle size in them.

It results from the Pt particle size distribution
graphs (Fig. 5) based on the TEM data that the average

KINETICS AND CATALYSIS Vol.64 No.4 2023

Pt particles size does not exceed 2 nm for all 4 samples.
At the same time, it should be noted that in the case of
CeZr support it was less than one for CeZrYLa regard-
less of Pt loading. It can be likely caused by the larger
Sger of the CeZr support (Table 1).

Surprisingly, for all 4 samples the average Pt parti-
cle size calculated from CO chemisorption data turned
out to be 2—3 times larger than ones calculated from
the TEM data (Table 2) and pair distribution function
method. Given the well-known fact that the metal
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Fig. 3. Differential patterns d—G(r) representing the local atomic order in the catalysts 5% Pt/CeZrYLa (3) and 5% Pt/CeZr (4)
compared to the model patterns G(r) for the metallic P’ particles calculated (/) without the particle size taken into account and
(2) for the particles of 1.5 nm in size.

Fig. 4. TEM micrographs of the samples 5% Pt/CeZr (a—c) and 5% Pt/CeZrYLa (d—f) after WGS.

particles can be “decorated” by the support if there is respondence to the real picture of the assumptions
a strong interaction between them, one can suggest used for calculations about the spherical shape of par-
that a part of the surface of the Pt particles is inacces- ticles and the adsorption of one CO molecule on one
sible for CO chemisorption. It should also be borne in Pt atom. It should be noted that after the first
mind that the result can be affected by inaccurate cor- chemisorption cycle and treatment with air the next

KINETICS AND CATALYSIS Vol. 64 No.4 2023
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Fig. 5. Pt particle size distributions calculated from TEM data. About 100—130 particles were used to plot every distribution.

measurements resulted in larger values of the specific
surface area and, hence, to lower Pt particle size. This
difference is particularly noticeable in the case of the
catalysts based on CeZrYLa. It is difficult to discuss
the causes of the observed phenomenon without any
additional investigations; however, one can suppose
that after exposure the catalysts to air the Pt particles
come out on the surface which leads to an increase of
the fraction of the accessible metal surface. In addi-
tion, segregation of Pt particles is also known when
processed in an oxidizing atmosphere [47].

Unfortunately, it is difficult to calculate turnover
frequencies (intrinsic catalytic activity) correctly
because of the uncertainty in the CO chemisorption
results on the area of the supported platinum accessi-
ble surface, for this reason, the influence of the sup-
port composition on the reaction rate can only be eval-
uated indirectly. The calculation of the specific reac-
tion rate per 1 g of Pt for the catalysts containing
5 wt % Pt shows that this parameter is a little higher for
the catalyst based on CeZrYLa, compared to the one
based on CeZr, at the CO conversion less than 30%
(Fig. 6). Taking into account smaller Pt particles in the
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case of CeZr, it can be concluded that the WGS spe-
cific reaction rate per one active site is also higher for
the catalysts Pt/CeZrYLa. However, this difference
seems to be small, that is why it can be easily compen-
sated by the difference in the specific surface area of

Table 2. Specific surface area and Pt particle size calculated
from the CO chemisorption data

Sample Cycle fpt’ S dpi, NM
m~/gea mz/gPt
1.9% Pt/CeZr 1 2.3 121 2.3
2 33 174 1.6
5.0% Pt/CeZr 1 3.3 65 4.3
2 4.0 81 3.5
1.9% Pt/CeZrYLa 1 1.9 100 2.8
2 4.1 215 1.3
5.0% Pt/CeZrYLa 1 2.4 49 5.7
2 34 68 4.1
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Fig. 6. WGS specific reaction rate per gram of Pt for the catalysts containing 5.0 wt % Pt. The composition of the feed gas (vol.):

10 CO, 15 CO,, 45 H,, 30 H,0; WHSV—30000 mL g h™".

the supports leading to similar effectiveness of the cat-
alysts (Fig. 1).

CONCLUSION

A comparative study was made of the structure and
catalytic characteristics of the samples X wt %
Pt/Ce 7521950, and X wt % Pt/Ce4Zr)5Yy 0sLag 50,
X= 1.9, 5.0). It was shown using X-ray diffraction
that both the oxide supports represent substitutional
solid solutions of cubic structure based on CeO, struc-
ture. The support Ce, 15721, 50, has larger specific sur-
face area which is likely the reason of higher dispersion
of the supported Pt particles. The results of catalytic
tests indicate that, at the same platinum content, the
composition of the support does not significantly
affect the temperature at which maximum CO conver-
sion is reached, the amount of methane formed as a
result of the side reaction, and the reaction rate per
gram of Pt. Therefore, one can conclude that the
intrinsic catalytic activity calculated per on Pt surface
atom may be slightly higher for the samples based on
Cey 421y 5Y 0512y 0s0,; however, it is likely compen-
sated by larger Pt particle size leading to similar effec-
tiveness of the catalysts.
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