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Abstract: In this study, we demonstrate the preparation and characterization of small palladium
nanoparticles (Pd NPs) on modified ceria support (Pd/CeO2) using wet impregnation and further
reduction in an H2/Ar flow. The obtained particles had a good dispersion, but their small size made
it difficult to analyze them by conventional techniques such as transmission electron microscopy
(TEM) and X-ray powder diffraction (XRPD). The material demonstrated a high catalytic activity in
the CO oxidation reaction: the 100% of CO conversion was achieved at ~50 ◦C, whereas for most of
the cited literature, such a high conversion usually was observed near 100 ◦C or higher for Pd NPs.
Diffuse reflectance infrared Fourier-transform (DRIFT) spectroscopy in combination with CO probe
molecules was used to investigate the size and morphology of NPs and the ceria support. On the basis
of the area ratio under the peaks attributed to bridged (B) and linear (L) carbonyls, high-dispersion
Pd NPs was corroborated. Obtained results were in good agreement with data of X-ray absorption
near edge structure analysis (XANES) and CO chemisorption measurements.

Keywords: catalysts; ultra-small nanoparticles; ceria support; TEPA; CO oxidation; DRIFT
spectroscopy; CO probe molecules

1. Introduction

Supported noble-metal nanoclusters are well-known catalysts for diverse hydrogenation and
oxidation reactions, particularly in CO oxidation. A number of attempts [1–8] were made to synthesize
a catalyst on the basis of supported NPs with a high activity at low temperatures. The catalytic
activity of NPs depends on the size and shape of the NPs [9], the material of the support [10] and the
functionalization [11] and composition [12]. One of the most crucial factors for an advanced catalytic
activity is a high dispersion and uniform distribution over the support surface [13]. One of the ways to
meet this requirement is the use of modified matrix surfaces to support NPs.

Guo et al. [14] described the method of deposition of Pd on a SiO2 substrate. Silica gel was synthesized
in situ with simultaneous surface modification by introducing 3-aminopropyltriethoxysilane into the
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system. The reduction of precursor salts was carried out using sodium borohydride. When using
modified silica gel, Pd NPs with a size of 1.5–2 nm were obtained, while for the unmodified surface, the
particle size was larger (4–5 nm). The authors attributed this fact to stronger interactions of Pd with the
modified surface.

The authors of [15] used mesoporous carbon FDU-15 as a matrix, the surface of which was modified
by two different methods: heating in a flow of gaseous ammonia (ammonolysis) and treatment of
the substrate with melamine during heating. The reduction of precursor salts was carried out using
sodium borohydride. The smallest Pd NPs were obtained by the method of ammonolysis, and their
size varied from 1 to 3 nm. In the melamine method, Pd NPs with a size of 3–4 nm were formed.

The method of strong electrostatic adsorption, where charged metal precursors are strongly
adsorbed onto oppositely charged surfaces by controlling the pH relative to the surface point of
zero charge, was also utilized [16] to synthesize ultra-small bimetallic NPs of different compositions
(Pt-Pd, Pd-Co, Pd-Cu, etc.). Silica gel was impregnated with ammonia complexes of precursor
salts (hexaaminenickel(II) chloride, tetraaminecopper(II) nitrate, hexaaminocobalt(III) chloride,
tetraamineplatinum(II) hydroxide, tetraaminepalladium(II) chloride). Then, the obtained materials
were treated in a flow of hydrogen at 400 ◦C. As a result, bimetallic clusters with a size of 1–1.5 nm
were formed.

Wei et al. [17] described a reverse method in which Pd NPs coated with polyvinylpyrrolidone
or hydroxypolyamidoamine were introduced into the reaction for in situ silica gel formation from
triethoxysilane and 1,2-bis(triethoxysilyl)ethane. The reduction of precursor salts was carried out using
sodium borohydride. This method was used to produce Pd NPs with a size of 1–4 nm.

Several methods have also been mentioned for modifying the surface of ceria, which could be
divided into in situ and postsynthetic modifications. In particular, the first type includes the technique
described in [18], where modifier molecules (hexadecyltrimethylammonium bromide, cetylpyridinium
bromide hydrate, etc.) were introduced at the stage of formation of cerium dioxide. In this case,
cationic modifiers were chosen because of the anionic function of the cerium hydroxide intermediate.
Postsynthetic modifications were described in [19] and [20]. Xu et al. [19] treated previously synthesized
cerium dioxide with a nitric acid solution. As a result, the surface of the nanoparticles containing
nitrate groups was obtained. Article [20] describes the method of ammonolysis of CeO2 film, in which
ammonolysis is carried out in a stream of ammonia gas at different temperatures. As a result, the
surface oxygen atoms of the nanoparticles are replaced by nitrogen atoms.

In our study, we present the synthesis of supported Pd NPs using a modified surface of
cerium dioxide. Ceria is an active support that can provide lattice oxygen to facilitate oxidation
reactions [21]. Cerium dioxide NPs were treated with an organic solution of secondary and primary
amino groups—tetraethylenepentamine (TEPA). The resulting surface has electron-donating properties
and adsorbs better positively charged ions of noble metals. Tetraaminepalladium(II) chloride was
chosen as a palladium precursor. This choice was made for two reasons: first, the amine complex salts
of noble metals are highly soluble in water and do not undergo hydrolysis, in contrast to non-complex
chlorides; secondly, the amine complexes have a high affinity to the TEPA amino groups. These factors
promote the noble metal ions to adsorb on the surface, while a large number of nucleation centers
decreases the size of the resulting NPs.

The main techniques that are routinely applied for the characterization of noble metals, such as
X-ray powder diffraction (XRPD) and transmission electron microscopy (TEM) face some limitations
for high-Z supports, such as ceria. In this work, we show that laboratory-based Fourier-transform
Infrared spectroscopy (FTIR) with CO as a probe molecule [22–24] is an attractive tool to characterize
the synthesized samples. An Au/CeO2 reference sample with larger NPs was used as a reference and is
shown in the Supplementary Materials.
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2. Results and Discussion

2.1. Elemental Composition

X-ray fluorescence spectroscopy (XRF) elemental analysis confirmed 3 wt% of Pd loading in the
synthesized sample, which was slightly less than the theoretical value of 4 wt%. Figure 1d shows
a homogeneous distribution of palladium on a ceria support obtained by means of SEM/EDS. For
comparison, the distributions of gold and other elements in an Au/CeO2 reference sample with larger
NPs is shown in Figure S1.
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Figure 1. (a) SEM/EDS micro-image of Pd/CeO2; element distribution maps of (b) oxygen (blue);
(c) cerium (beige); and (d) palladium. Micro-images demonstrate homogeneously distributed Pd on
the whole surface of CeO2 for Pd/CeO2.

2.2. Structure and Size

The presence of the crystalline CeO2 support was confirmed by intense peaks in both diffraction
patterns for pure CeO2 and Pd/CeO2 (Figure S2). For the pure CeO2 NPs, all the diffraction peaks could
be attributed to the face-centered cubic fluorite structure with the Fm3m space group (JCPDS 34-0394)
with the average particle size, estimated by the Debye–Scherrer equation, 10.8 ± 2.3 nm. However,
neither the XRPD profiles nor direct high-resolution transmission electron microscopy (HRTEM) images
were able to identify Pd NPs. There was no evidence of Pd or PdO phases on diffraction patterns of
Pd/CeO2 even after very long acquisition time (more than 3 h for the narrow 2θ region from 35 to
45◦ near the expected position of Pd (111)). In contrast, larger Au nanoparticles on ceria were clearly
visible from XRPD patterns (see Figure S2). This phenomenon can be explained by a small particle size
of Pd, which significantly broadened the reflections observed for Pd NPs smaller than 4–5 nm [25,26]
or by the high dispersion of Pd species [27].
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TEM micro-images of Pd/CeO2 are shown in Figure 2a (see at Figure S3 TEM micro-images for the
pure ceria support). HRTEM images showed the nanocrystalline structure of CeO2; however, they did
not allow us to distinguish Pd NPs from the ceria support straightforwardly due to a low Z-contrast
(Z(Pd) = 46 and Z(Ce) = 58), [28]. Using the ImageJ code [29], we performed a Fourier transformation
(FT) for all images. The best transform with visible interplanar spacing for Pd and PdO is presented in
Figure 2b.
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Figure 2. (a) HRTEM micro-image of Pd/CeO2; (b) FT image with circles related to the diffraction from
CeO2 (yellow), Pd and PdO (red). The original direct HRTEM image of (b) is shown in Figure S4.

Figure 2b contains weak diffraction spots related to the diffraction on Pd (111) planes (a red
circle with a smaller radius, d = 0.22(8) nm) and on PdO (110) (weak spots on the bigger red circle,
d = 0.21(1) nm). All other much brighter spots originated from CeO2 (JCPDS 46-1043 for palladium
and JCPDS 41-1107 for palladium oxide). The same approach was utilized for larger Au nanoparticles
on the Au/CeO2 reference sample (Figure S5), which resulted in more intensive spots related to the
diffraction on Au (111).

Figure 3a shows the XANES region of the spectra. Our sample was compared with the commercial
catalyst Pd/C with 5 wt% of metal loading from Chimet S.p.A. [30]. In air, both catalysts were oxidized
as follows from the shape of XANES in comparison to metallic foil. The amplitude of peaks in the
Pd/CeO2 sample was smaller than for Pd/C, which indicates a smaller particle size compared to the
2.8 nm in the commercial catalyst. To support further this idea, we performed FT of the k2

·chi(k) data,
which is shown in Figure 3b. The large peak at 1.5 Å (without phase correction) corresponds to the
Pd-O bonds. The presence of Pd-O bonds correlates with results of HRTEM analysis where weak but
distinguishable diffraction spots of PdO phase were observed.

The two maxima at 2.5 and 3.0 Å correspond to the Pd-Pd bonds, which were present both in the
non-oxidized core of catalyst nanoparticles and the oxidized surface. Qualitatively, we observed a
reduction in the intensity of Pd-Pd contribution in the FT data of Pd/CeO2 compared to the Pd/C, which
can be explained by a smaller second coordination number. Another effect is related to the observed
shift of Pd-Pd maxima in Pd/CeO2 to the lower distances. Both observations indicate a smaller particle
size of our sample compared to the commercial 2.8 nm Pd/C. Indeed, theoretical simulations [31]
predict that Pd-Pd distances decrease along with the size of nanoparticles due to surface relaxation,
while a reduction of coordination numbers originates from larger surface contribution with unsaturated
Pd-Pd bonds.
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contributions. Spectra of Pd/CeO2, commercial Pd/C and Pd foil are shown in black (—), blue (—) and
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2.3. Active Sites Characterization

Adsorption of CO as a probe molecule and diffuse reflectance infrared Fourier-transform (DRIFT)
spectroscopy was used to eliminate a lack of information about the available sites on Pd particles
and their size in Pd/CeO2; adsorption on pure CeO2 was also used as a reference. To avoid surface
carbonation that could induce some electronic effects at the cationic adsorption sites [32], CO was
introduced at −140 ◦C on H2/Ar reduced samples (see Section 3.2 for details). The region of linear (L)
and bridged (B) carbonyls (2250–1800 cm−1) was used for analysis in this study.

Prior to adsorption, the sample was treated in an H2 atmosphere for 30 min at 120 ◦C. This
procedure reduced Pd nanoparticles and partially the ceria support. For reduced CeO2, three peaks
were observed in the region of carbonyls (Figure 4a) at 2172, 2159 and 2104 cm−1 (at the highest CO
coverage). All these peaks demonstrated blue shifts during evacuation due to decreasing lateral-lateral
interaction between CO molecules, and totally disappeared after outgassing down to 5 × 10−3 mbar
at –140 ◦C.
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obtained during decreasing coverage θ↓ are shown in grey (—); the spectrum after continuous 
desorption (θmin, PCO = 5×10–3 mbar) is marked with red (—). The dependency of the area ratio under 
the peaks related to linearly (L) adsorbed CO and bridged (B) carbonyls from the CO pressure is 
shown on the inset. 

The peak at 2172 cm–1 was attributed to «on-top» CO adsorption on Ce4+ with coordinative 
unsaturation, which is in good agreement with the values from literature on reduced ceria: 2169 [33], 
2170 [34] and 2165 cm–1 [35]. The peak near 2159 cm–1 could be ascribed to adsorption on Ce4+ with 

Figure 4. (a) CeO2 and (b) Pd/CeO2 DRIFT spectra during CO desorption at −140 ◦C, previously
reduced at 200 ◦C in a 5% H2/Ar mixture. The spectrum measured at the highest CO coverage (θmax,
PCO = 4 mbar for CeO2 and PCO = 7.5 mbar for Pd/CeO2) is highlighted in blue (—); the series of
spectra obtained during decreasing coverage θ↓ are shown in grey (—); the spectrum after continuous
desorption (θmin, PCO = 5×10−3 mbar) is marked with red (—). The dependency of the area ratio under
the peaks related to linearly (L) adsorbed CO and bridged (B) carbonyls from the CO pressure is shown
on the inset.
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The peak at 2172 cm−1 was attributed to «on-top» CO adsorption on Ce4+ with coordinative
unsaturation, which is in good agreement with the values from literature on reduced ceria: 2169 [33],
2170 [34] and 2165 cm−1 [35]. The peak near 2159 cm−1 could be ascribed to adsorption on Ce4+ with
different coordinative unsaturation (Ce4+ cus), which was observed by many authors for unreduced
ceria at 2150 [35], 2156 [36] and 2151 cm−1 [32]. However, absorption at a similar wavelength on Ce3+

sites was also observed for H2-reduced ceria at 2161 [34], 2162 [37] and at 2156 cm−1 [38].
The last peak at 2104 cm−1 behaved differently during CO outgassing. It shifted downward,

unlike the previously mentioned peaks, and the value of the shift was larger. This peak is not usually
mentioned in literature, and remained unassigned in this study; however, because it totally disappeared
during outgassing, consequently it will not make a contribution to coincident peaks in case of Pd/CeO2

after outgassing.
For Pd/CeO2, only one distinct band related to adsorption on the ceria support was seen (Figure 4b);

it was located at 2164 cm−1 at the maximum coverage, and totally disappeared during outgassing.
This band was assigned to CO adsorption on Ce3+, which is in a good agreement with the fact that Pd
favors the reduction of ceria by hydrogen [39]. This band also had a shoulder at the high-frequency
side, which could be explained by the presence of Ce4+ cus in small amounts.

The adsorption on Pd NPs exhibited a more complex pattern. Two groups of bands could be
attributed to the CO molecules linearly bonded with Pd sites (marked «L») and to bridged carbonyls
(marked «B»).

The first group consisted of an intensive peak with a maximum approximately at 2108 cm−1

red-shifted to 2096 cm−1 upon evacuating, which had a shoulder in the lower frequencies. According
to the deconvolution (Figure S6), this shoulder was related to a low-frequency peak at 2056 cm−1.
The high-frequency peak could be attributed to linear adsorption of CO on well-dispersed but not
crystalline Pd [40,41]. Herein, the decrease in the intensity for the low-frequency peak was much
slower than for the high-frequency band, which allowed us to assign the peak at 2056 cm−1 to linear
adsorption of CO on low-coordinated Pd atoms, also mentioned as defects (corners, steps, edges, etc.)
of crystalline Pd (111) facets. Such behavior upon outgassing is in a good agreement with the fact that
CO bonded stronger with Pd defects [42].

CO adsorption on ionic Pd2+ and Pd+ sites could have contributed to the absorbance at 2170 and
2120 cm−1, respectively [43,44], but these peaks were not observed during our experiment. However,
while decreasing the coverage, we observed a low-intensity peak at 2140 cm−1, which was hidden
by an intensive peak at 2108 cm−1. We can presume that this peak was related to single Pd atoms
coordinated by oxygen atoms, which is corroborated by the results of DFT modeling performed by
Spezzati et al. [45] for PdO2/CeO2 (111) models, which resulted in the 2137 cm−1 frequency. Other
possible configurations of oxygen-coordinated single atoms on ceria facets such as PdO/CeO2 (111) or
Pd/CeO2 (111) should have been located at 2098 and 2047 cm−1, according to their results, in which
case they overlapped with other peaks.

The second group of absorption peaks were formed by two main broad features: one of them was
located at ~1960 cm−1, while the other one was much broader and extended from 1950 to 1850 cm−1.
They can be attributed to CO 2-fold and 3-fold bridged carbonyls, respectively. The intensity of
these peaks increased during outgassing at a low temperature (which is more noticeable for the peak
attributed to 2-fold bridged carbonyls) due to the transition of CO molecules from less energetically
favorable positions of linear carbonyls to the bridged coordination [22].

On the basis of deconvoluted peaks (Figure S6), the estimation of the particle size could be
performed for Pd/CeO2 according to the technique described by Shey et al. [46]. For this purpose,
the ratio of the total area under the peaks of CO adsorbed on bridged sites of Pd (B) and linearly
adsorbed CO on Pd (L) was calculated for different coverages (the CO pressure varied from 7.5 to
5 × 10−3 mbar) at the fixed temperature −140 ◦C. According to the obtained dependencies (inset in
Figure 4b), this ratio increased along with the coverage decrease, and this fact is in a good agreement
with the literature [22]. The number of molecules adsorbed on bridged sites was proportional to the
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available surface area, which corresponds to higher B/L ratios for bigger NPs. Therefore, it is possible
to estimate the particle size and compare this ratio for different instruments. In comparison with [47]
for TiO2-supported Pd NPs, our B/L ratio corresponds to a size smaller of 1.5–2 nm (i.e., it is evidence of
a high dispersion of Pd NPs for the studied sample). This result is also confirmed by CO chemisorption
measurements, where particle size was estimated as 2.1 nm, the surface area was 238.9 m2/(g of metal)
and Pd dispersion was 53.6% according to stoichiometry factor 1 and Pd loading 3.0 wt%. At that time,
cyclic voltammetry (CV) was not sensitive to a such small Pd NPs. Any peaks related to hydrogen
desorption (adsorption) in the region of low potentials were absent whereas surface reduction of ceria
was detected (see Table S2 and Figure S9 for detailed information).

After catalytic tests, the ratio between areas under peaks (bridged/linear) remained the same
within 2.8% accuracy (spectra are not shown for brevity), while small changes were observed in relative
intensities of 2-fold and 3-fold bridged sites. The latter indicates reorganization of the surface of
nanoparticles, while the mean size, determined by means of B/L ratio, remained almost unchanged.

2.4. Catalytic Activity

The Pd/CeO2 sample demonstrated high catalytic activity already at a low temperature. The CO
conversion was 10% even at room temperature, and reached 100% conversion at ~50 ◦C (Figure 5).
In comparison, the Au/CeO2 reference sample reached the 82% conversion only at 70 ◦C (Figure S7).
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Such high catalytic activity of the synthesized material can be explained by the strong interaction
between Pd and the CeO2 surface, as well as by the high oxygen-storage capacity due to the formation
of the Ce4+/Ce3+ redox pair. This redox pair can generate non-stoichiometric oxide compounds
that allow CeO2 to release catalytically active oxygen atoms efficiently [48,49]. As can be seen from
Sections 2.1–2.3, Pd NPs had a high dispersion. The small size of Pd clusters maximizes the contact area
between metal particles and a transition metal oxide substrate while minimizing the area of “naked”
Pd NPs— it is so-called perimeter interface effects [50,51]. A decrease in the size of Pd NPs also led to
an increase in the number of active centers on their surfaces.

At the same time, analysis of the literature data showed that some previously described similar
compounds had a markedly lower catalytic activity (Table 1). The materials described in [1–4] allowed
complete oxidization of carbon monoxide only at temperatures over 100 ◦C. However, materials with
low-temperature catalytic activity are also mentioned (e.g., the data mentioned in [5,6,8] for ceria
supported Pd NPs are close to those obtained in this study). Such a difference in the temperatures
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of complete conversions can be associated with the location of metal NPs on various surfaces of
CeO2—(100) or (111). Spezzati et al. [7] showed that conversion at low temperatures requires metal
NPs to be on the (111) surface of a support, whereas on the (100) surface the conversion occurs at
higher temperatures. These authors found that Pd on the (111) surface was more active due to the
bimolecular Langmuir–Hinshelwood mechanism. DFT calculations show that for the (100) surface,
CO oxidation occurs according to the Mars–van Krevelen mechanism. This is possible due to the lower
Ce-O bond energy compared to the (111) surface. In general, the catalytic cycle of CO oxidation on
Pd/CeO2 (100) includes a higher free-energy barrier than on Pd/CeO2 (111), in accordance with the
experimentally observed difference in activity. Thus, the high catalytic activity of our materials can be
explained by the large number of Pd NPs located on the (111) surface of CeO2, and indirectly points to
the Langmuir–Hinshelwood catalytic mechanism

Table 1. Comparison of the catalytic activity of samples reported in the literature and in this study.

Catalyst Max. Achieved CO
Conversion, %

Temperature of max.
CO Conversion, ◦C Reference

5 wt% Pd/CeO2 100 108
[2]5 wt% Pd/ZrO2 98 150

5 wt% Pd/SiO2 92 240

5 wt% Pd/CeO2 100 151

[3]

10 wt% Pd/CeO2 100 173
5 wt% Pd/ZnO 98 200
10 wt% Pd/ZnO 99 194
5 wt% Pd/CuO 98 186

10 wt% Pd/CuO 97 192

0.7% Pd-CeO2/Al2O3 (PCA-R) 100 180 [4]

2 wt% Pd/CeO2

100

125

[5]2 wt% Pd/CeO2 (T) 143
2 wt% Pd/CeO2 (HT) 75

2 wt% Pd/CeO2 (H2O) 105

0.74 wt% Pd/CeO2 (450 ◦C)

100

190

[6]

0.74 wt% Pd/CeO2 (600 ◦C) 190
0.74 wt% Pd/CeO2 (800 ◦C) 190
3.8 wt% Pd/CeO2 (450 ◦C) 145
3.8 wt% Pd/CeO2 (600 ◦C) 90
3.8 wt% Pd/CeO2 (800 ◦C) 175
7.7 wt% Pd/CeO2 (450 ◦C) 115
7.7 wt% Pd/CeO2 (600 ◦C) 70
7.7 wt% Pd/CeO2 (800 ◦C) 170

1 wt% Pd/CeO2-rod
100

150
[7]1 wt% Pd/CeO2-cube 200

5 wt% Pd/SiO2 60 300

1 wt% Pd/CeO2

100

204

[8]

1 wt% Pd/TiO2 120
1 wt% Pd/CeO2–TiO2 97
1 wt% Pd/CeO2 (LTR) 97
1 wt% Pd/TiO2 (LTR) 70

1 wt% Pd/CeO2–TiO2 (LTR) 54

3 wt% Pd/CeO2 100 50 This study

3. Materials and Methods

3.1. Materials

Cerium (III) nitrate hexahydrate Alfa Aesar 99.5%; palladium (II) chloride Alfa Aesar
99.999%; ammonium hydroxide Alfa Aesar 28–30% NH3; tetraethylenepentamine pentahydrochloride
(TEPAPHC) Aldrich 98%; sodium chloride Alfa Aesar 99%; sodium carbonate anhydrous Alfa Aesar
99.5%; silver nitrate Alfa Aesar 99.9995%; methanol J.T.Baker Ultra Pure were used without additional
purification, 5 wt% Pd/C Chimet S.p.A. with average size of NPs 2.8 nm.
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3.1.1. Synthesis of a Modified Support

Synthesis of ceria NPs was carried out according to the method in [52]. To modify the surface
of the as-synthesized NPs of ceria, a 10% solution of TEPAPHC was prepared by dissolving 1.11 g
TEPAPHC in 10 mL distilled water. A concentrated ammonia solution was added dropwise to the
resulting solution up to pH = 7–8. Next, 1 g of synthesized cerium dioxide was suspended in a
resulting TEPA solution. The suspension was vigorously stirred for 2 h and then washed four times
with distilled water using a centrifuge at 15,000 rpm. The resulting material was dried in air at room
temperature. We will refer further to this modified ceria support as CeO2/TEPA.

3.1.2. Synthesis of Supported Pd NPs

Tetraaminepalladium (II) chloride was synthesized from PdCl2 (see Appendix A for details). Next,
12.4 mg of this metal precursor was dissolved in 12.5 mL of distilled water. The solution was heated to
60 ◦C with stirring, then 129 mg of CeO2/TEPA was added. The resulting suspension was stirred for
30 min, then a 0.2-M sodium carbonate solution was added until pH = 8. The mixture was stirred for
1 h, then centrifuged three times and washed with distilled water. The washed material was dried
overnight at 60 ◦C.

The material was placed in a tubular oven in porcelain boats and heated to 350 ◦C in a flow of
pure argon (50 mL/min), replaced further by a mixture of 5% H2 and 95% Ar at the same total flow rate.
Under these conditions, the material was kept for 1 h, then the system was cooled to room temperature
in a flow of pure argon. The theoretical content of metal was 4 wt%. The resulting material used for
further studying was labeled as Pd/CeO2, which is how we refer it in this manuscript.

The same procedures were performed for Au/CeO2 reference sample. Used amounts of reagents
are shown in Table S1.

3.2. Methods

XRF measurements were performed on a M4 Tornado spectrometer (Bruker, Billerica, MA, USA)
equipped by a XFlash 430 detector in the range from 0 to 24 keV.

XRPD patterns were acquired on a D2 PHASER (Bruker, Billerica, MA, USA) diffractometer with
Bragg–Brentano geometry using a CuKα wavelength (1.5406 Å). Data were collected in the 2θ range
from 5 to 90◦ with 0.02◦ step and 0.1 s acquisition time. Obtained peaks were approximated by the
Lorentz function using the Jana2006 code [53].

Materials were characterized by means of TEM and HRTEM using an FEI Tecnai
G2 F20 transmission electron microscope (FEI Company, Hillsboro, OR, USA) with an accelerating
voltage of 80–200 kV. Particle size distributions were measured using the ImageJ code [29]. Statistics
was collected on 500 particles.

The X-ray absorption spectra at the K-edge of Pd were collected at the beamline “Structural
Materials Science” [54] using the equipment of Kurchatov Synchrotron Radiation Source (Moscow,
Russia). The storage ring with an electron beam energy of 2.5 GeV and a current of 80−100 mA was
used as the source of radiation. The measurements were performed for the synthesized Pd/CeO2

and commercial catalyst Pd/C with 5 wt% of metal loading from Chimet S.p.A. [30], then 40 mg of
catalyst powder was placed in a 3-mm thick cuvette with X-ray transparent Kapton windows. The
measurements were performed for the samples under atmospheric conditions and without activation in
hydrogen. Spectra were collected in the fluorescence mode using a Si (111) channel-cut monochromator
and solid state detector, while Pd foil was measured in transmission mode. Obtained experimental
spectra were analyzed using the Athena code in the Demeter software package [55].

Palladium dispersion and Pd particle size were also determined by CO chemisorption with an
automatic adsorption system (ASAP 2020C, Micromeritics, Norcross, GA, USA). Prior to measurement
the sample was evacuated for 30 min at 110 ◦C, then it was heated in hydrogen flow for 10 min at
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150 ◦C, and for 30 min at 200 ◦C; after that, the sample was evacuated 10 min at 200 ◦C and 100 min at
35 ◦C. CO chemisorption was carried out at 35 ◦C in the pressure range of 0.8–118.0 kPa.

Infrared spectra were collected using a Vertex 70 (Bruker, Billerica, MA, USA) spectrometer
equipped with a liquid-N2-cooled high-sensitive mercury cadmium telluride (MCT) detector. A
Praying Mantis Low Temperature Reaction Chamber (Harrick Scientific Products Inc, New York, USA)
installed in the spectrometer was used to perform measurements using the DRIFT technique. All
spectra were recorded with a 1 cm−1 resolution for 64 scans and transformed into absorption spectra
using the Kubelka–Munk function.

An external gas system equipped by mass flow controllers (EL-FLOW, Bronkhorst High-Tech B.V,
Ruurlo, the Netherlands) was used to control gas flows (Ar, H2 and CO passing through the cell and
mix gases). The experimental setup allowed one to control the temperature of the sample and the gas
flow, and it also contained a vacuum pump allowing outgassing of the volume of the reaction chamber
(with the powdered sample inside) down to 5 × 10−3 mbar.

The experimental procedure consisted of two stages—the sample activation, and further CO
adsorption/desorption. In the first stage, the samples were heated during outgassing up to 200 ◦C
to remove water and other guest molecules, then a flow of hydrogen (5 mL/min) mixed with Ar
(45 mL/min) was passed through the sample for 30 min to get rid of oxygen and chlorine. Finally, the
samples were slowly cooled down to –140 ◦C (using liquid nitrogen as a refrigerant) during continuous
vacuuming (3 h).

Then at this temperature, a CO flow (5 mL/min) was purged through the sample for 10 min. After
this procedure, the samples were outgassed to smoothly decrease the CO coverage. In the last part
of the desorption stage, the sample was heated to room temperature. FTIR spectra were collected
during the whole process of desorption. The last spectrum measured right before CO adsorption at the
low temperature was recorded as a background to be subtracted from further spectra, to exclude any
background features not related to the CO adsorption process.

To obtain information about the stability of the samples after reaction conditions, the samples
were placed for 2 h at the reaction conditions. The activated sample was placed in the reaction chamber
mentioned above at 50 ◦C (temperature above the maximum observed conversion), and the mixture of
16.9% O2, 62.4% Ar and 20.7% CO was fluxed through it at a flow rate of 50 mL/min. After this, the
activation was performed again with further adsorption of CO probe molecules.

Catalytic Activity Tests

A flow-through microreactor (thick-walled glass tube with an internal diameter of 0.8 mm) was
supplied with a mixture of air and CO of 16.9% O2 + 62.4% N2 + 20.7% CO with a pressure of 1 atm
and a flow rate of 20 mL/min. The volumetric feed rate was 120,000 h−1. The molar ratio of O2/CO was
0.82. The catalyst loading was 10 mg.

The reactor was heated using an electric furnace, while the temperature was set and controlled
using a thermostat Thermodat-17 and a thermocouple installed on the outer wall of the microreactor
(Figure S8).

The catalyst was activated by heating in a flow of the mixture mentioned above to 300 ◦C (30 min),
then cooled to room temperature, interrupting the flow of gases. Next, the catalyst was heated with a
ramp rate of 10 ◦C/min, and gaseous products were analyzed at fixed temperatures. The measurement
was repeated three times to analyze the stability of the sample.

The starting gas composition and the gas mixture at the outlet of the trap were analyzed on a
chromatograph model 3700 manufactured by the Scientific Production Association «Granat» (Saint
Petersburg , Russia) on two columns packed with NaX molecular sieves (O2, N2, CO) and HayeSep-Q
(air + CO and CO2). The gas sample filled two loops of a fixed volume and, using six-way valves, was
fed on-line for analysis. A thermal conductivity detector was used at a column temperature of 60 ◦C.
Helium was used as a gas carrier.
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4. Conclusions

Finally, we report on the synthesis of ultra-small Pd nanoparticles on the ceria support. The
samples revealed a high catalytic activity in the reaction of CO oxidation already at 50 ◦C and
demonstrated thermal stability. Due to the low Z-contrast and small size of noble metal particles, we
adopted DRIFT spectroscopy with CO probe molecules for characterization. Owing to the presence
of vibrational frequencies characteristic for bridged sites between several Pd atoms, we proved the
presence of nanoparticles, but not single Pd atoms on the surface. Using the ratio between linear and
bridged sites, the average size of Pd nanoparticles could be estimated to be smaller than 1.5–2 nm,
which is in an agreement with chemisorption and XANES measurements. The possible prevalence of
Ce (111) surface facets could also contribute to the higher catalytic activity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/4/385/s1:
Table S1. Amounts of used reagents; Table S2. Sample preparation for the electrochemical tests; Figure S1.
SEM/EDS micro-image of Au/CeO2 and element distribution maps; Figure S2. X-ray diffraction patterns of CeO2
(black), Pd/CeO2 (red) and Au/CeO2 (green). λ(CuKα) = 0.15406 nm. Peaks related to diffraction on Pd are
not visible; the Au phase is clearly observed for Au/CeO2 with bigger NPs (average size 13 nm according to
Debye–Scherer analysis); Figure S3. (a) TEM micro-image of the CeO2; (b) Particle size distribution (total number
of measured particles was 500); Figure S4. HRTEM micro-image of Pd/CeO2 used for FT; Figure S5. (a) HRTEM
micro-image of the Au/CeO2 reference sample; (b) FT image with circles marking the spacing between atomic
planes of CeO2 (yellow) and Au (green); Figure S6. Deconvolution of Pd/CeO2 FTIR spectrum at PCO = 7.5 mbar
(max. coverage); Figure S7. CO conversion vs oxidation reaction temperature for Pd/CeO2 (blue and red lines for
first and third cycles) and Au/CeO2 reference sample (black line) in a mixture of 16.9% O2, 62.4% N2 and 20.7%
CO at a flow rate of 120,000 h−1; Figure S8. Microreactor for tests of catalytic activity with a catalyst; Figure S9.
The resulting CV curves (averaged over 10 cycles) of Pd/CeO2 (red) and CeO2/TEPA (black).
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Appendix A

Palladium (II) chloride was dissolved in a saturated water solution of sodium chloride; 5%
ammonia was added to the resulting red-brown solution to obtain pH = 10–11. Yellow crystals of
diaminepalladium (II) chloride were formed:

Na2[PdCl4] + 2NH3 ·H2Odiluted = [Pd(NH3)2Cl2] ↓ +2H2O + 2NaCl (1)

The precipitate was washed with distilled water until the chloride ions were completely removed
(AgNO3 test) and dried at 60 ◦C. The resulting substance was dissolved in a minimum volume of a
concentrated ammonia solution to form a colorless solution:

[Pd(NH3)2Cl2] + 2NH3 ·H2Oconc. = [Pd(NH3)4]Cl2 + 2H2O (2)

The solution was evaporated at room temperature. Colorless crystals of tetraaminepalladium (II)
chloride was formed.

http://www.mdpi.com/2073-4344/9/4/385/s1
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