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loadings on the level of 0.08-0.74 Vatom nm 2. This explains why vanadia is not well-dispersed on
pure TiO; support.

Figure 5. Scanning transmission electron microscope (STEM) images and Energy dispersive X-ray
spectroscopy (EDS) mapping results of vanadia for fresh (a) 1.5V/Si (b) 1.5V /Ti (c) 1.5V /SiTi(30).

2.2. Results of Catalytic Oxidation Tests

The first series of the prepared catalysts and performance of the catalysts in the oxidation reaction
of methanol (MeOH) and methyl mercaptan (MM) are presented in Figure 6a,b. In Figure 6a, the
activity of the supports Si, Ti, and SiTi(30) are shown; and in Figure 6b, the effect of SiTi ratio on the
gained formaldehyde concentration is presented. The earlier research results [21] show remarkably
better activity of the support material in the oxidation of MeOH and MM as a mixture when Ti is
added to Si. In this study, the main focus was on the investigation of the changes in activity to form
formaldehyde with different Si:Ti ratios.

Figure 6. Formation of formaldehyde over (a) Si, Ti and SiTi(30) and (b) SiTi(10), SiTi(30) and SiTi(60)
during the oxidation of methanol and methyl mercaptan (feed 500 ppm + 500 ppm, heating rate
5°C min~1).
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As expected, with the addition of 30% titania to silica the formaldehyde production rose to more
than double, compared to single oxide supports. What was unexpected (see Figure 6b) was that the
SiTi ratio was crucial in gaining the highest formaldehyde concentration values. With the addition of
10% titania, no signs of activity improvement were observed. The 60% titania addition resulted only in
~400 ppm formaldehyde concentration, which is the same as with 10% Ti. Based on these results, it
was decided to continue the activity testing with the SiTi(30) support as it was clearly the most active
one from the tested materials with over 800 ppm formaldehyde production at 500 °C.

The addition of vanadia on the support was the second step in the current work. The 1.5%
vanadium pentoxide addition increased the activity of all the tested catalysts. Results of the 1.5%V
catalysts are presented in Figure 7. With single oxide silica and titania supports, the formaldehyde
concentration rose to 1000 ppm, which was over 500 ppm more than with single oxide supports
before vanadia addition. The addition of vanadia on SiTi(30) lowers the optimal reaction temperature
significantly. For 1.5V /SiTi(30), the optimal temperature was already reached at around 400 °C.
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Figure 7. Formation of formaldehyde over pure silica or/and titania supports with 1.5% vanadium
pentoxide during the oxidation of methanol and methyl mercaptan (feed 500 ppm + 500 ppm, heating
rate 5 °C min~1).

The results indicate that the good performance of single oxide Si or Ti supported catalysts requires
an oxidation temperature over 500 °C—which we did not test—since lower temperatures are more
interesting from an energy point of view, and because vanadium pentoxide as the catalyst material
sets some limits to the activity testing. The melting point of V,0s is 690 °C [41], and we wanted to stay
at lower temperatures to minimize the sintering of vanadia during the reaction. Vanadium pentoxide
as an active compound for MeOH and MM oxidation has been tested also at temperatures over 500 °C
by Laitinen et al., 2016 [42].

As mentioned, both the Si:Ti ratio and the active compound V,Os have a significant role in the
reaction in reaching maximum formaldehyde production. The most active catalyst, 1.5V /SiTi(30), has
the highest surface area and the best dispersion of vanadia based on the characterization. It has been
shown that the dispersion of the active phase is dependent on the support composition. However,
the results do not fully support the significance of the surface area, since SiTi(10) has higher specific
surface area compared to single oxide silica, but it does not positively influence the activity results.
On the other hand, the STEM results showed that the dispersion of the active phase is much better
with the SiTi(30) support. Vanadia dispersion surely has a role in the activity of the material, but more
testing with each of the materials with different vanadia particle sizes should be done. The effect of
the total acidity in the activity is controversial. It is shown in the work of other researchers [1,7] that
formaldehyde can be produced only with acidic oxides. However, the current results do not fully
support these findings as pure silica resulted in the highest acidity of the tested materials, yet the
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lowest formaldehyde production. It seems that the acidity has to be at certain optimal level—not too
high and not too low. In addition, the quality of acid sites (Brensted-Lewis) may play a role, however
we were not able to qualify the sites in the current study. Based on Tanabe et al. [43], SiO, contains
mainly Brensted acid sites (BAS) and TiO, Lewis acid sites (LAS). In the mixed oxide when TiO, is
added to SiO,, the amount of BAS in the material should increase. If this is true, the existence of both
acid sites is important to be able to carry out the reactions under investigation. In addition, it has
been also examined that the V/Ti catalysts show the presence of both BAS and LAS. The BAS are
dominating acid sites in V,0O; [3]. The addition of vanadia to silica-titania support increases further
the amount of BAS in the sample [44].

One of the objectives of this research was also to study the effect of the amount of vanadia
impregnated on the catalysts. The results of SiTi(30) supported vanadia catalysts with different
vanadia loadings (0.75%, 1.5% and 2.5%) are presented in Figure 8. As noted earlier, the addition of
vanadia lowers the optimal temperature and the temperature where the reactions start. These current
results reveal that the addition of vanadia from 1.5% to 2.5% does not result in increasing activity of
the catalyst. Based on this finding we can expect that increasing the vanadia amount is not significant
and it is reasonable to use a low amount of vanadia. This result is supported by Mouammine et al. [45],
as in the case of V/Ti the increase in the V amount from 1.5% to 3% and to 10% did not result in higher
formaldehyde yields.
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Figure 8. Formation of formaldehyde over silica-titania (V/SiTi(30)) catalysts with different V amounts
(feed 500 ppm MeOH + 500 ppm MM, heating rate of 5 °C min~1).

The main results from all the activity experiments are presented in Table 3. The table is presenting
the key temperatures for each catalyst; the temperature in which the formation of the formaldehyde
begins (A) and the temperature when the formaldehyde concentration reaches the maximum value
during the experiment (B). From these values, it can be seen, that the formation of formaldehyde
begins at the temperature level between 210 °C and 410 °C. The 1.5V /SiTi(30) catalyst has an optimal
temperature of 415 °C (1060 ppm) and at 500 °C the formaldehyde concentration is only 760 ppm.
This means that, after the optimal temperature, formaldehyde has reacted further to CO.
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Table 3. Comparison of different catalysts in the reaction (key temperatures and gained maximum

formaldehyde concentrations). Feed: 500 ppm methanol and 500 ppm methyl mercaptan, reaction

temperature from room temperature to 500 °C.

# Formaldehyde Formaldehyde
Catalyst Temperature A * Temperature B Concentration at Temp. B Concentration at 500 °C
[°C] [°cl [ppm] [ppm]

SiO, 380 500 360 360
TiO, 360 500 440 440
SiTi(10) 410 500 330 330
SiTi(30) 315 500 780 780
SiTi(60) 365 500 340 340
0.75%V /SiTi(30) 215 480 930 918
1.5%V /SiTi(30) 215 415 1060 760
1.5%VSi 350 500 1030 1030
1.5%VTi 335 500 1000 1000
2.5%V /SiTi(30) 215 420 960 660

* The temperature when the formation of formaldehyde begins (over 10 ppm) during the activity test.
# The temperature when the formaldehyde concentration is highest during the test (optimal temperature for

specific catalyst).

All the activity tests were repeated with the same catalyst twice. In Figure 9, the results of the
repeated tests for 0.75V/SiTi(30), 1.5V /SiTi(30), and 2.5V /SiTi(30) are presented. The activity of the
catalyst and the formation of formaldehyde follow exactly the same route in each test showing good
repeatability of the test, but also giving some indications on the stability of the catalyst.
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Figure 9. Formation of formaldehyde of the repeated tests for (a) 0.75V/SiTi(30); (b) 1.5V /SiTi(30) and
(c) 2.5V/SiTi(30) (feed 500 ppm MeOH + 500 ppm MM, heating rate of 5 °C min~1, A referring to test 1
and B referring to the repeated test 2).

In addition, more information on the stability of the 1.5%V catalyst with Si, Ti, and SiTi(30)
supports was also revealed during the test at the optimal temperature for 8 h. The formaldehyde
concentration remained unchanged through the whole experiment and no signs of activity loss were
observed (figures not shown here).

Molecular structures of the dispersed vanadium oxide species on the support can be determined
with Raman spectroscopy. The surface analysis was performed in order to investigate the structures of
the fresh materials and if any changes after the 8 h stability test could be detected. The measurements
were performed with Timegated® Raman device, in which the effect of the fluorescence is reduced
from the resulting spectra. Figure 10 presents the Raman spectra of Si-, Ti-, SiTi(30)-supported V05

and bulk V,0s.
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Figure 10. Timegated Raman spectra of (a) 1.5V/Si, (b) 1.5V/Ti, (c) 1.5V/SiTi(30) and (d) bulk V,0s.

Bulk vanadium pentoxide gives peaks at ~144, 188, 280, 398, 474, 524, 697, 940, 992 and 1030 cm~ L,
The peak at 992 cm ™! is related to the symmetric stretching of V=0 groups in the bulk vanadia [18,46]
assigned as crystalline V,0s. It has been proposed that the less intense peaks at 940 cm~! and
1030 cm ! originate from isolated and polymerized surface vanadia species, respectively [10,47,48].
The intense peak at 700 cm ! corresponds to lattice vibrations localized within the V-O-V bridge in the
V,0s5 structure.

For the Si-supported V,0s, similar features to crystalline V,O5 exist, since the observed peaks are
in line with the peak positions of the bulk V,0s. For Ti-supported V,0Os, the intense peaks from the
TiO,-support are visible at 142, 391, 510 and 633 cm ™! corresponding to the anatase TiO, [18]. In the
case of both vanadia- and titania-containing samples the definite identification of the Raman spectra is
difficult due to the proximity of intense crystalline V05 (~144 cm~!) and TiO, anatase (~147 cm™1)
peaks. There were no peaks visible at 800-1000 cm~!, which would be an indication that the dispersion
of the isolated VOy species on V/Ti was better than with V/Si. For the SiTi(30)-supported V,0s, the
VO, species at 278 and 991 cm ! seem to be visible. Compared to the single oxide Ti support, a small
peak at 991 cm ! (V,05) exists in the spectrum SiTi(30).

When the Raman spectra of the fresh catalysts and the catalysts after 8 h of testing were compared,
no significant differences between the fresh and used samples were observed. The visible changes
are only due to the changes in the signal intensity, which may in this case indicate more crystalline
material (such as in the case of used VSi). This gives an indication on the stability of the material in
presence of sulfur. More studies will be done in the future to find out details related to the oxidation of
methanol in the presence of sulfur-containing compounds.

Figure 11 presents the formation of by-products over the 1.5V/SiTi(30) catalyst to study the
performance of the catalyst in more detail. The main products were sulfur dioxide, carbon monoxide,
and dimethyl disulphide, as expected based on the literature [19,49].
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Figure 11. Formation of by-products in the oxidation of the mixture of methanol and methyl mercaptan
(500 ppm + 500 ppm) over (a) 1.5V/Si; (b) 1.5V/Ti and (c) 1.5V /SiTi(30) catalysts (feed 500 ppm +
500 ppm, heating rate of 5 °C min~!).

The formation of the products are results of the following reactions:

CH;0H + 1/20, — CH,O + H,0 1)
CH;3SH + 20, — CH,0 + SO, + H,O @)
CH30H + 3/20, — CO, + 2H,O ®)
2CH;SH + 1/20, — CH3SSCH; + H,O )
CH,0 +1/20, — CO + H,O (5)
CH,0 + O, — CO, + HyO (6)

In the oxidation reaction of MM, sulfur dioxide is formed according to Reaction (2) and is the
main product of the reaction together with formaldehyde. As formaldehyde reaches ~1000 ppm
concentration in each of the tests, the formed SO, concentration is about 550 ppm in each presented
case. The other reaction products, CO,, H,O and DMDS, are formed according to Reactions (3) and (4),
which are complete oxidation of methanol and partial oxidation of MM to DMDS. The formation of
DMDS is observed in the temperature range of 300 °C—450 °C for 1.5V /Si and 1.5V /Tij, reaching the
maximum value approximately at 400 °C. For the SiTi supported catalyst the max. DMDS concentration
of ~120 ppm is reached at temperature below 300 °C. The formation of carbon monoxide is detected
when formaldehyde reacts further (Reactions (5) and (6)). This is clearly visible in the case of V/SiTi(30)
at around 400 °C when the formaldehyde concentration starts to decrease and a significant amount of
CO is formed. In other cases, the CO concentration stays at rather low levels (max. 85 ppm at 500 °C)
as the concentration of formaldehyde is not decreasing during the temperature range used in the tests.

To compare the performance of the support and the vanadium containing catalyst, the
concentrations of each gaseous product compound are presented in Figure 12. The comparison
shown in the figure is done between the SiTi(30) support, marked as 1, and the 1.5V /SiTi(30) catalyst,
marked as 2. To start with the reactants, there is a significant difference in the reaction when comparing
the support and the catalyst. After vanadia addition on the support, the activity of the material
in the reaction becomes significantly higher, which is visible in the changes in the reaction of MM.
After vanadia addition, MM is already consumed starting at temperatures below 200 °C. Over the
support, MM consumption begins at temperatures above 250 °C. MM conversion reached ~100% in all
the tests. During the catalytic tests, the consumption of methanol begins at temperatures of around
300 °C. The differences in methanol partial oxidation activities between the support and the catalyst
are not that significant, but the rate of the reaction is faster and higher methanol conversion is reached
over the vanadia containing catalyst.
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Figure 12. Formation of by-products in the oxidation of the mixture of methanol and methyl mercaptan
(500 ppm + 500 ppm) over the SiTi(30) support(l) and 1.5V /SiTi(30) catalyst(2) (feed 500 ppm +
500 ppm, heating rate of 5 °C min~1).

As explained earlier, the addition of vanadia on the SiTi support lowers the optimal temperature
significantly, after which the formaldehyde concentration decreases when it starts to react further in
the used reaction conditions. Figure 12 shows clearly the difference between the support and the
catalyst in terms of the CO concentration, as in the presence of the VSiTi catalyst the CO concentration
is more than twice the concentration reached over the SiTi support material. DMS concentration in
both the experiments stays under 80 ppm, and for V/SiTi(30) the formation is insignificant. DMDS, for
both the support and the vanadia containing catalyst, is observed as an intermediate product between
300450 °C and 200-350 °C, respectively.

3. Materials and Methods

In this research, 5 different supports were prepared: pure SiO,, TiO,, and SiO,-TiO, supports
with the Si:Ti ratios of 90:10, 70:30, and 40:60 with no specific structure in target. After the optimization
of the support composition, different amounts of vanadium pentoxide, 0.75%, 1.5%, and 2.5%, were
impregnated on the support.

Mesoporous silica was prepared using the sol-gel method. A mass of 34.74 g of tetraethoxy
orthosilicate (Si(OCyHs)s, TEOS, 98% Sigma-Aldrich, St. Louis, MO, USA) was added to 54 g of
absolute ethanol (Merck, Darmstadt, Germany) with a molar ratio of 1:7. A few drops of nitric acid
were added to the solution to catalyze the hydrolysis step of the preparation. After dissolution of the
silicon precursor, 24.5 g of ultrapure water (Sigma Aldrich, St. Louis, MO, USA), with a molar ratio
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of 1:8, was added dropwise. The obtained sol was then left for 15 days for aging. The TiO,-support
was synthesized using the sol-gel method. A Ti-containing solution was prepared first by adding 43 g
titanium butoxide (Ti(OBu)4, TBOT, 97% Sigma-Aldrich, St. Louis, MO, USA) to 83 g absolute ethanol
with a molar ratio of 1:14 and stirred until complete dissolution of the Ti precursor. Then, ultra-pure
water was added drop by drop until a molar ratio of 1:15 was reached.

The titania doped silica supports were prepared by dissolving an appropriate amount of both
titanium and silicon precursors in absolute ethanol (molar ratio 1:14) to obtain a composition of
Si0,(1-x)TiO,(x) (with x = 0.1; 0.3; 0.6). A few drops of nitric acid were added to the solution, and then
ultra-pure water was added with a molar ratio of 1:15. The solution was kept under stirring for 2 h.
The final support was obtained after drying the gel at 90 °C overnight, and the dried gel was calcined
at 500 °C for 2 h.

Addition of the active phase was done by using a wet impregnation method. At room
temperature the appropriate amount of the vanadium precursor, vanadyl acetylacetonate (VO(acac)y,
98% Sigma-Alrich, St. Louis, MO, USA) was dissolved in methanol. The support was added to the
solution and kept under mechanical stirring overnight. The final catalysts were obtained after drying
on a sand bath at 80 °C, and calcining at 500 °C for 2 h. The target amounts of vanadium pentoxide
V,05 on the support were 0.75 wt %, 1.5 wt %, and 2.5 wt %.

The materials prepared for this study and the abbreviations used in this article are presented
in Table 4.

Table 4. Catalysts prepared for the oxidation studies.

Support/Catalyst Abbreviation
SiO, Si
TiO, Ti
SiO, + 10%TiO, SiTi(10)
Si0, + 30%TiO, SiTi(30)
Si0, + 60%TiOy SiTi(60)
0.75%V705/ SiO2+30%TiO, 0.75V /SiTi(30)
1.5%V,05/SiO, 1.5V/Si
1.5%V,05/TiO, 1.5V/Ti
1.5%V,05/Si0; + 30%TiO; 1.5V/SiTi(30)
2.5%V,05/Si0; + 30%TiO, 2.5V/SiTi(30)

3.1. Characterization of Materials

The catalytic materials prepared for this study were characterized using different analytical
techniques. The BET-BJH (Brunauer-Emmett—Teller Barret-Joyner-Halenda) method was used to
determine the specific surface areas, pore volumes, and pore sizes of all the prepared materials.
Nitrogen adsorption—-desorption isotherms were recorded at —196 °C using an ASAP 2020
Micrometrics apparatus (Norcross, GA, USA). Before N, adsorption, the samples were degassed
at 300 °C and kept under vacuum for 2 h.

X-ray fluorescence analyses (XRF) were carried out to study the V, Si, and Ti amounts on the
catalyst samples. 0.2 g of the studied sample was mixed with 8.5 g of flux in a Pt-Au crucible followed
by melting in an Eagon 2 furnace at 1150 °C. The analysis was performed with an Axios mAX X-ray
fluorescence spectrometer (PANalytical, Almelo, The Netherlands).

X-ray diffractometer (XRD) Siemens D5000 was used to characterize the crystalline structure
of the catalyst materials. Analysis data was recorded between 10° and 80°, with a step of 0.040°.
The crystallite size of the active phase and support was estimated using the Scherrer formula:

kA

D= _——
Be X cosO
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where k is the shape factor (k = 0.94), A is the wavelength of X-ray, 6 is the Bragg angle, and f. is the
corrected line broadening defined as FWHM (full width at half maximum).

X-ray photoelectron spectroscopy (XPS) analysis was carried out by a Thermo Fischer Scientific
ESCALAB 250Xi instrument (Waltham, MA, USA) using Al Ko« (1486.6 eV) radiation to excite
photoelectrons. The binding energy was normalized with respect to the position of the Cls peak
at 284.8 eV. The XPS analysis was performed on 3 fresh catalyst samples: 1.5%V/Si, 1.5%V/Ti and
1.5%V /SiTi(30). The samples were put on an indium substrate and placed inside a vacuum chamber.
Thermo Avantage software (v5.957, Thermo Fisher Scientific Inc., Waltham, MA, USA) was used in
data analysis. Smart background subtraction was used and the spectra of O 1s, C 1s, Si 2p, Ti 2p and
V 2p were recorded.

Temperature-programmed desorption measurements of ammonia (NH3-TPD) were carried out by
AutoChem II 2920 equipment (Micromeritics Instrument Corp., Norcross, GA, USA). A powder-form
catalyst sample was placed inside the reactor and pretreated in a Helium flow (50 cm® min—') from
room temperature to 500 °C at the rate of 5 °C min~! for 30 min. The sample was then cooled to room
temperature (He 50 cm® min~!). The adsorption of 15% NHj in He (50 cm® min~') was carried out
at RT for 60 min, and then the sample was flushed with He for 30 min to remove any physisorbed
ammonia. TPD was performed in a He flow by raising the temperature to 550 °C with a rate of
5 °C min~!. Sample amount of 100 mg was used for Si-containing catalysts and 180 mg for pure Ti
due to significantly lower surface area. The desorbed amount of NH3 was analyzed by a TCD detector.
The area between 40 °C and 500 °C was used for determination of the total acidity of the samples.

Scanning transmission electron microscope (STEM) studies were carried out to analyze the
particle size and the distribution of the vanadium pentoxide on the surface of the supports.
The measurements were done using a JEOL JEM-2200FS apparatus (JEOL Ltd., Tokyo, Japan).
The acceleration voltage of 200 kV was used. For the measurements, the catalyst samples were
dispersed on a copper grid with ethanol. The apparatus was equipped with an Energy-Dispersive
X-ray Spectrometer (EDS) apparatus (JEOL Dry SD100GV). The EDS was used to identify the absorbed
chemical elements on the fresh catalysts. The measured catalysts were fresh 1.5V/Si, 1.5V /Ti and
1.5V /SiTi(30).

The Raman spectra were collected with a Timegate® Raman Spectrometer (Oulu, Finland) with a
pulsed 532 nm fiber coupled laser and a rapid SPAD-detector. The data were collected with a Raman
shift range from 150 to 1150 cm~!. Data was curve fitted and analyzed with a Shsqui Matlab based
software (v0.981, Timegate Instruments Oy, Oulu, Finland). The fresh 1.5V /Si, 1.5V/Ti and 1.5V /SiTi30
were measured and the measurement was repeated after the 8 h stability tests.

3.2. Catalytic Oxidation Tests

The catalytic partial oxidation tests were performed in a laboratory scale tubular quartz reactor.
The experimental set-up presented in our previous work [21] was modified for further studies with
a few basic improvements. The current set-up is presented in Figure 13. All the gas lines after the
evaporator (heated to ~70 °C) were heated to 180 °C to avoid the condensation of the evaporated
compound on the tube surfaces. Some condensation of methanol may still occur as the reactor part of
the set-up is in the room temperature in the beginning of each test. Relatively high GHSV (~94,000 h~!)
was used in the experiments and the experimental procedure was following the same path as presented
in the previous work [21].

65



Catalysts 2018, 8, 56

Thermocouple
FTIR <« 1]
- S s

(l R e

By-pass| 1 1

1 1

1z 1
Methyl mercaptan———» : u : auarTz wool
: 10 1 QUARTZ SAND

Air —» : o 1 CATALYST

s H QUARTZ SAND
12 1 —{QuarTZ wooL

Methanol 15 1

I 1

1 1

1 1

1 1

‘\ - - I’

B |

Figure 13. The experimental set-up for the catalyst activity testing.

All the experiments were conducted with 100 mg of a catalyst in the powder form. The feed
concentration in each test was 500 ppm of methanol (Merck, Darmstadt, Germany) and 500 ppm of
methyl mercaptan (Oy AGA Ab, Espoo, Finland) in a mixture. The reaction temperature was raised
from room temperature to 500 °C with a heating rate of 5 °C min~!. The outlet gas composition was
analyzed by using a Gasmet FTIR Cr-2000 (Helsinki, Finland) analyzer equipped with an MCT detector.
The following compounds were analyzed in each of the catalytic tests: carbon dioxide CO,, carbon
monoxide CO, nitrogen monoxide NO, nitrogen dioxide NO,, nitrous oxide N, O, sulfur dioxide SO,,
sulfur trioxide SOz, methane CHy, formaldehyde CH,O, methyl mercaptan CH,S, dimethyl sulfide
CyHgS, dimethyl disulfide CoHgS,, formic acid CH,O,, and methanol CH4O. First the supports Si and
Ti and mixed oxides SiTi(10), SiTi(30), and SiTi(60) were tested to find the possible changes in activity
with respect to the Si:Ti ratio. The activity experiments were continued to study the effect of different
vanadia loadings. The catalyst stability and repeatability of the catalytic tests were examined by testing
the same catalyst in the same experimental conditions twice. The stabilities of 1.5 V catalysts were also
tested in longer-term (8 h) experiments to gain some indication of the durability of the material. In 8 h
tests, the catalyst amount of 200 mg was used. The same procedure as in the activity tests was used
and the temperature was kept at the optimal formaldehyde production temperature (500 °C or lower)
for 8 h.

4. Conclusions

V105 catalysts supported on SiO,-TiO; have been characterized and tested in the oxidation
of methanol and methyl mercaptan to formaldehyde. The results of the V,05/5i0, + TiO, were
compared with those obtained for V,05/SiO; and V,05/TiO; catalysts, showing that the composition
of the support has a significant role in the catalytic behavior. The current oxidation results prove
that silica—titania supported vanadia catalysts show good potential for use in the oxidation of sulfur
contaminated methanol to formaldehyde. In the laboratory scale oxidation tests, significantly higher
formaldehyde yields were achieved with the mixed silica-titania support. The important role of
vanadium pentoxide in the catalyst is evident; the addition of the active compound results in higher
activity of the catalysts, and lowers the optimal temperature of the reaction in which the desired partial
oxidation products are formed. As expected, applying titania onto silica results in a higher surface
area, which allows a good dispersion of vanadia. The acidity of the materials was dependent on the
Si:Ti ratio of the support, but no solid conclusions about the role of the acidity in the activity of the
catalysts in oxidation of methanol and methyl mercaptan could be made based on these findings.
More detailed information on the surface of the catalysts and the reaction mechanisms is needed to
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optimize these materials further. For example, the role of the quality of the acid sites as well as the
effect of the vanadia dispersion should be detailed.
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Abstract: Nowadays catalytic technologies are widely used to purify indoor and outdoor air from
harmful compounds. Recently, Ag-CeO, composites have found various applications in catalysis due
to distinctive physical-chemical properties and relatively low costs as compared to those based on
other noble metals. Currently, metal-support interaction is considered the key factor that determines
high catalytic performance of silver—ceria composites. Despite thorough investigations, several
questions remain debating. Among such issues, there are (1) morphology and size effects of both
Ag and CeO, particles, including their defective structure, (2) chemical and charge state of silver,
(3) charge transfer between silver and ceria, (4) role of oxygen vacancies, (5) reducibility of support
and the catalyst on the basis thereof. In this review, we consider recent advances and trends on the
role of silver—ceria interactions in catalytic performance of Ag/CeO, composites in low-temperature
CO oxidation, soot oxidation, and volatile organic compounds (VOCs) abatement. Promising photo-
and electrocatalytic applications of Ag/CeO, composites are also discussed.

Keywords: silver—ceria; metal-support interaction; CO oxidation; soot oxidation; VOCs abatement

1. Introduction

Air pollution is a major environmental problem. According to the World health organization,
ambient air pollution contributes to 6.7 percent of all deaths worldwide [1], and the emissions of
harmful compounds from industrial plants and motor vehicles in crowded urban areas are getting
more attention. By reducing the level of air pollution, countries can reduce the morbidity rates of
heart disease, lung cancer, chronic and acute respiratory diseases, etc. Many substances cause air
pollution, including carbon monoxide (CO), particulate matter, ozone, nitrogen dioxide, soot, sulfur
dioxide, organic dyes, etc., with CO being the most common among these pollutants. Volatile organic
compounds (VOCs) comprising organic compounds with an initial boiling point inferior or equal to
250 °C (measured at a standard pressure of 101.3 kPa) also impact pollution of indoor and outdoor
air [2]. In a recent review [3], the authors consider several main classes of VOCs, including halogenated
VOCs, aldehydes, aromatic compounds, alcohols, ketones, polycyclic aromatic hydrocarbons, etc.

Therefore, air cleaning is a pivotal challenge, and new solutions are required. Catalytic total
oxidation of organic pollutants into CO, and water is the most effective way to address this challenge.
Metal/ceria-based catalysts were found promising heterogeneous catalysts for CO, soot and VOCs
oxidation, and the highly dispersed noble metals (Me = Au, Pt, Pd, Ru, etc.) were used as the
active components of these catalysts. The ceria-supported catalysts containing Pd [4-11], Pt [12-16],
Au [17-23], Ru [24,25], Rh [26-29], and Cu [30,31] were proposed. Metal oxide-based catalysts
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(Coz04 [32], MnOy [33], etc.) also attracted wide interest. However, a significant part of the developed
catalysts has limited use under real conditions due to high costs of noble metals (the loading of
palladium, platinum, gold is of 2-10 wt. %), relatively low stability to “hard” conditions of oxidation
processes causing the loss of active component and reduction of the catalyst activity and selectivity.
Therefore, the development of high-performance affordable and stable catalysts for low-temperature
total oxidation of harmful compounds is still challenging. Efficiency and costs of such catalysts are
connected with proper selection of the type of active component, support, and preparation method [34].

Recently, supported silver catalysts have brought about wide interest due to their high activity
in low-temperature oxidation processes. Different supports are studied (510, CeO,, MnOy, TiO,,
AlyO3, ZrO,, etc.) [35-38]. It is shown that an enhanced catalytic activity of Ag-based catalysts can be
achieved by using reducible metal oxides as supports and by controlling the metal-support interaction
to provide synergistic effect between active sites of the support and noble metal [39].

Among the supports mentioned, CeO, brings about high interest, since it combines exceptional
redox and acid-base properties with oxygen storage, which can be controlled by proper preparation
methods and treatments. Moreover, these distinctive properties of ceria cause its wide applications as
a support for catalysts. For this reason, highly active and relatively inexpensive Ag/CeO, composite
is considered promising heterogeneous catalyst for total oxidation of harmful organic compounds,
including formaldehyde [40], CO [41-43], soot [44—49]. The Ag/CeO, composites can also be used
in photo- [50] and electrocatalysis [51,52], reduction of NOy [41], methane oxidation reaction [53],
preferential oxidation of CO in excess of H, (PROX CO) [54,55] as well as in biochemistry due to the
bactericidal properties of both ceria and silver [56]. It is noteworthy also that these composites are
applied in selective oxidation of organic compounds.

In this review, we provide a survey of the current state of catalytic total oxidation of CO, soot, and
VOCs over Ag/CeO; catalysts. The reactions under consideration are discussed from the perspective
of (1) morphology and size effects of both Ag and CeO, particles, including their defective structure,
(2) chemical and charge state of silver, (3) charge transfer between silver and ceria, (4) role of oxygen
vacancies, (5) reducibility of support and the catalyst on the basis thereof.

2. Topical Processes

2.1. CO Oxidation

CO oxidation is one of the most studied reactions in catalysis science. It is of great fundamental
and practical importance, since CO is formed as a by-product in many industrially important oxidation
reactions (e.g., methanol oxidation to formaldehyde [57], ethylene glycol oxidation to glyoxal [58], etc.).
CO seriously affects the environment and human health [59].

Ceria-based catalysts are among the most promising materials for CO oxidation [59-61].
A comparison of ceria-supported noble metals shown that Pd/CeO, and Au/CeO, catalysts were more
active in CO oxidation than Ag/CeO; [62,63]. However, the relatively low activity of Ag-containing
catalysts in this case may be connected with non-optimal conditions of preparation and pre-treatment of
Ag/CeO, catalyst. Ag/SiO; catalysts are known to be able to catalyze low-temperature CO oxidation
even at temperatures below 0 °C [64-67]. Such factors as the size of Ag nanoparticles, the pre-treatment
conditions of both support and catalyst, metal-support interaction determine the catalytic activity of
silver catalysts in CO oxidation. In Ref. [68] it was shown that addition of CeO, to Ag/SiO, improved
the catalytic activity in CO oxidation due to the cooperation of oxidative species on Ag and ceria.
Thus, the study of Ag/CeO; catalysts deserves special attention to reveal the reasons for high catalytic
activity and find the approaches to its regulation.

According to literature, the method of Ag/CeO, synthesis determines the catalytic
properties. Thus, in Ref. [41] the 10% Ag/CeO, catalysts were prepared by impregnation and
deposition—precipitation techniques. The catalysts prepared by impregnation demonstrated higher
activity in CO and propylene oxidation. This finding was associated with formation of Ag?* species in

71



Catalysts 2018, 8, 285

these catalysts, confirmed by Electron Paramagnetic Resonance (EPR). Such species improve the redox
properties due to creation of three different redox couples: Ag?*/Ag*, Ag?*/Ag®, and Ag+/Ag’.

The effect of shape of ceria nanoparticles on the catalytic properties of ceria-based catalysts is also
discussed in the review [69]. In Ref. [70] synthesis of ceria nanopolyhedra, nanorods, and nanocubes
by a hydrothermal method is described (Figure 1). The oxygen storage capacity of CeO, nanorods
and nanocubes was attributed to both surface and bulk oxygen species. The lowest oxygen storage
capacity for ceria nanopolyhedra was attributed to a predominance of (111) boundaries on the surface
of particles with low reaction ability toward CO. Thus, the shape-selective synthetic strategy may be
used for designing the catalysts with desired oxidative activity.

0.19 nm
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Figure 1. TEM (a) and HRTEM (b) images of CeO, nanopolyhedra. TEM (c) and HRTEM (d) images
of CeO, nanorods, inset is a fast Fourier transform (FFT) analysis. TEM (e) and HRTEM (f) images
of CeO, nanocubes, inset is a FFT analysis. Reproduced from Ref. [70] with the permission from
ACS Publications.

In Ref. [71] the catalytic activity of ceria rods, cubes and octahedra was studied in CO oxidation.
The highest activity of ceria nanorods was attributed to a predominance of (110) and (100) surfaces,
while the lowest activity of ceria octahedra was caused by a predominance of (111) surface. The activity
of different surfaces also depends on the energy of oxygen vacancy formation, which is predicted to
follow the reverse order of lattice oxygen reactivity: (110) < (100) < (111). Supporting of silver on the
surface of ceria nanoparticles with different shapes by conventional incipient wetness impregnation
followed by calcination at 500 °C led to creation of additional oxygen vacancies in ceria surface [43].
Ag nanoparticles were suggested to facilitate the formation of oxygen vacancies in ceria surface in
a larger extent than in case of positively charged Ag,* clusters. Thus, Agloading (1 and 3 wt. %) in
Ag/CeO; affects the amount of Ag and Ag,* clusters that yields different concentrations of surface

72



Catalysts 2018, 8, 285

oxygen vacancies and, hence, different activity in CO oxidation. Ag® nanoparticles (NPs) promote the
reducibility of surface lattice oxygen and catalytic activity of CeO, in CO oxidation. The control of the
shape of CeO; may be used as a strategy to design the metal/CeO; catalysts with reduced amounts of
noble metals. An increase of the Ag content from 1 to up to 3 wt. % mitigates the difference in turnover
frequency (TOF) CO for the composites based on nanocubes and nanorods that allows concluding on
the need of coexistence of charged Agn* species and reduced Ag® NPs on the CeO, surface to create
an active catalyst.

The role of oxygen vacancies of Ag/CeO; catalysts in CO oxidation is also discussed in Ref. [72].
Using Raman spectroscopy, it was shown that Ag promoted the formation of oxygen vacancies in ceria.
This effect is pronounced, when CeO, and Ag/CeO, were reduced in CO/N; atmosphere up to 300 °C
(Figure 2a,b). Treatment in oxygen atmosphere leads to the decreased amount of oxygen vacancies
(Figure 2¢,d). Thus, the introduction of Ag into CeO, promotes the activation of lattice oxygen of ceria
and formation of oxygen vacancies that is the main reason for enhanced catalytic activity of Ag/CeO,
in CO oxidation.

Intensity/a.u.
Intensity/a.u.
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Figure 2. Raman spectra of different catalysts under different reaction conditions (a) Ag/CeO,— 5 vol%
CO/Ny, (b) CeO—5 vol% CO/Ny, (c) Ag/CeO,-O;, (d) CeOr-O;. Reproduced from Ref. [72] with
the permission from Springer.

The role of the shape of ceria nanoparticles in CO oxidation over Ag/CeO, was also discussed
in terms of the complex or hierarchical structure of ceria. The Ag-based catalysts supported on
mesoporous CeO, prepared by hard-template method and surfactant-template method was studied
in CO oxidation in Ref. [42]. Mesoporous ceria was prepared by hard-template method using the
SBA-15 material as a template, which was etched by NaOH. Hexadecyl trimethyl ammonium bromide
(CTAB) was used as a classical soft template to synthesize ceria by surfactant-template method.
Mesoporous ceria prepared by hard-template method was the preferable support for Ag catalysts,
and total conversion of CO (200 mg catalyst, 1% CO, a gas flow of 30 mL/min) for this catalyst was
achieved at 65 °C. High activity of this catalyst was attributed to oxygen vacancies in mesoporous
CeO, support, which stabilizes dispersed silver and facilitates the transfer of electrons from Ag to
CeO; via the Ag—CeO; interface. However, one cannot exclude the participation of S5iO; used as
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a template to produce mesoporous CeO, in formation of Ag-containing species highly reactive toward
low-temperature CO oxidation.

In Ref. [73] Ag/CeO; catalysts with the Ag loading from 5 to 20 wt. % were prepared by the
HCl etching of CuO/CeO,/Ag,O mixed oxides followed by CuO removal. The formation of Ag
nanoparticles inside the ultrafine nanoporous CeO, with sizes of pore channels below 20 nm was
observed after reduction by glucose in solution. The obtained composites also showed enhanced
catalytic activity in CO oxidation in comparison with CeO,—Ag composite prepared by co-precipitation
method, and the highest catalytic activity was observed for catalysts with 10 wt. % loading of Ag
(Ts0% ~ 130 °C, 1% CO and 10% O,, WHSV of 60,000 mL g1 h~1).

The CeO, mesoporous spheres with a diameter of ~100 nm and Ag catalysts on the basis thereof
were synthesized in Ref. [74] (Figure 3). CeO, mesoporous spheres were synthesized using glycol as
a solvent with addition of C;H5;COOH in an autoclave at 180 °C for 200 min. Ag NPs were prepared
separately, and their dispersion in cyclohexane was stirred together with CeO, mesoporous spheres.
The catalysts were characterized by high surface area (216 m?/g) and regular morphology. Ag molar
content was 10%. CO conversion achieved 96.5% at 70 °C (100 mL/min) and the enhanced catalytic
performance in CO oxidation was attributed to the unique structure of ceria support.
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Figure 3. (a and b) TEM images with different magnifications of CeO, mesoporous spheres supported
by a Ag nanoparticle catalyst. (c) Darkfield scanning TEM image of a single CeO, mesoporous sphere.
(d) Compositional line profile across the single sphere (from A to B) probed by Energy Dispersive X-ray
Analysis (EDXA) line scanning. Reproduced from Ref. [74] with the permission from the ACS Publisher.

The catalysts with core-shell and yolk-shell structures also attract attention [75,76]. The Ag@CeO,
catalysts with a core-shell structure were prepared by surfactant-free method with subsequent
annealing redox reaction between silver and ceria precursor during co-deposition [77]. The particles
with metallic Ag cores with a diameter of 50-100 nm CeO; shell with a thickness of 30-50 nm were
tested in CO oxidation (catalyst mass was 100 mg, 1% CO, a gas flow of 20 mL/min). The calcination of
Ag@CeO, at 500 °C in air flow led to the growth of catalytic activity (100% CO conversion at ~120 °C)
in comparison with freshly deposited precipitate and catalyst after hydrothermal treatment and drying
at 80 °C. This growth of activity was attributed to the strengthened interfacial interactions between Ag
core and CeO; shell during the calcination process (confirmed by TPR-H») and to the fast desorption of
CO; from the surface of catalyst that was shown by Fourier Transform Infrared (FTIR) spectroscopy
of adsorbed CO,. The charge transfer due to enhanced metal-support interaction from Ag to CeO,
was shown by XPS [39]. It is noteworthy that one-, two- and three-coordinated OH groups were shown
to exist over CeO; surface [78], and their effect cannot be neglected.
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Thus, according to the literature, Ag/CeO, composites are promising catalysts for CO oxidation.
The method of catalyst preparation, shape of ceria nanoparticles, and morphology of ceria are the
factors determining the catalytic properties of the composites. Special attention is given to oxygen
vacancies, and their concentration depends on the shape of ceria particles, amount of silver and charge
states of its clusters/nanoparticles as well as pre-treatment conditions. Certainly, the presence of
silver on the surface of ceria promotes the formation of oxygen vacancies and facilitates the growth
of catalytic activity in CO oxidation. The features of interfacial interaction also should be considered
since the transfer of electronic density from silver NPs to ceria accompanies metal-support interaction
in Ag/CeO; catalysts. These phenomena may play a key role in oxidative catalysis [79,80], reduction
of nitroarenes [81], photocatalysis [82]. Different synthetic strategies may be developed to synthesize
Ag/CeO, with high activity in CO oxidation and find real application in industrial or indoor air
purification from CO and VOCs.

2.2. Soot Oxidation

Soot is an amorphous impure carbon formed during incomplete combustion of fuels and
hydrocarbons in internal combustion engines, coal burning, power-plant boilers, etc. It is formed as
a by-product impairing the normal operation of combustion engines by fouling of exhaust systems,
generation of exhaust plumes, blocking the pipes, etc. [83]. Soot particles are harmful to the human
respiratory system since they cannot be filtered by upper airways. Thus, the development of materials
that prevent the harmful impact of soot on the environment and human health is an important research
and technology challenge. The soot combustion of diesel exhaust particulate occurs at temperatures
above 600 °C, while typical diesel engine exhaust temperatures are in the range of 200-500 °C [84,85].
Therefore, the decreasing of the temperature of soot combustion is the main requirement for catalysts
in this reaction.

The contact between soot and catalyst plays a key role in solid—solid reactions, and the observed
catalytic activity depends on the gas—solid-solid interaction [86]. The contact conditions between soot
and catalyst determine the combustion performance. In the literature two types of catalyst—soot contact
studies under laboratory conditions are proposed: tight contact (TC) and loose contact (LC) [85-87].
The LC mode comprises a mixing or shaking of the catalyst-soot mixture with a spatula providing
conditions for contact between soot particle and catalyst similar to those over diesel filter. TC mode is
achieved by milling (ball or mortar milling) of the mixture during several minutes. Compared to the
LC mode, the TC mode is less representative of the real contact conditions but is required to better
understand and discriminate the morphologies [86,88].

Many effective catalytic systems have been proposed for soot combustion and other oxidation
reactions [83,89]. Due to their unique physical-chemical properties, especially high redox properties
and the lability of lattice oxygen, ceria and ceria-based materials also show high catalytic activity
in total oxidation reactions, and soot oxidation to carbon dioxide is not an exception. Ceria also
possesses high oxygen storage capacity (OSC), which allows using the oxide not only as a support
or modifying additive, but also as a catalyst for soot oxidation. A selection of CeO,-based catalysts
for soot oxidation is presented in Table 1. In Ref. [90] the catalytic activity of pure ceria prepared by
co-precipitation method was described. Precipitation of aqueous solution of HNO3; and Ce(NO3)3
was carried out using the 0.4 M NaOH solution and 0.4 M Na,CO3. Combustion temperature of pure
oxide samples was achieved in the region of 445-560 °C. The acidification of cerium precursor at the
stage of catalyst preparation improved the catalytic performance of the obtained materials. The sample
prepared by precipitation method using HNO3/Ce(NOg3); = 2 had the highest catalytic activity with
Tm =465 °C. It is noteworthy that the use of large amounts of alkali metals at the stage of synthesis
may significantly influence on the morphology and defective structure of cerium oxide, which will
impact on the observed catalytic activity [91].

Morphology is known to play an important role in solid-solid reactions, where the number of
contact points is a crucial criterion of activity. In Ref. [92] three different morphologies of pure cerium
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oxide were studied in soot oxidation reaction. The materials comprised (1) ceria nanofibers that
capture the soot particles in several contact points, while having low specific surface area (~ 4 m?/g),
(2) solution combustion synthesis ceria having an uncontrolled morphology, but higher specific surface
area (31 m?/g), and (3) three-dimensional self-assembled (SA) ceria stars having high specific surface
area (105 m?/g) and highly available contact points. The latter showed the highest catalytic activity,
and the temperature of soot oxidation reduced from 614 to up to 403 °C for TC and to up to 552 °C in
case of LC (Figure 4).

Figure 4. FESEM images representing a loose contact mixture of CeO, SA-stars and soot at x 40,000 (a)
% 150,000 (b) level of magnifications. Reproduced from Ref. [92] with the permission from the Royal
society of chemistry.

Comparing to the morphologies in groups 1 and 2, the three-dimensional shape of SA stars may
involve more of the soot cake layer that can be a reason for enhancement of the total number of contact
points and higher catalytic activity (Figure 5). SA stars also keep their high intrinsic activity after aging.
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Figure 5. Total soot conversion in loose contact conditions. Reproduced from Ref. [92] with the
permission from the Royal society of chemistry.

A comparison of the catalytic performance of pure ceria with different morphology under LC
conditions was carried in [60], and the results were compared to those reported in Refs. [46,93-95].
The activity was shown to decrease in the following order: nanorod > nanocube > fiber > flake, and
the lowest temperature of complete combustion of 485 °C is observed for nanorod samples.

In Ref. [96] hydrothermal and solvothermal methods were used to prepare nanostructured ceria
with different morphology (nanorod, nanoparticle, and flake). The nanorod sample showed the
best catalytic activity (soot combustion temperatures for TC and LC modes were 368 and 500 °C,
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respectively) that was attributed to the maximal amount of adsorbed oxygen species on its surface.
Moreover, the high specific surface area, determined by BET (Brunauer Hemmet Teller) method,
was pointed out to have a positive effect in improving the activity under the LC mode. In Ref. [97]
hydrothermal method was used to prepare conventional polycrystalline ceria and single-crystalline
ceria nanorods and nanocubes. The obtained samples differ by the surface formed ((100) surfaces were
typical for nanocubes, a mixture of (100), (110) and (111) surfaces for nanorods, while (111) surface was
obtained for conventional polycrystalline ceria). More reactive exposed surfaces demonstrated higher
catalytic activity and soot oxidation becomes a surface-dependent reaction. Soot, while located at the
soot—ceria interface, can reduce ceria, and such surface becomes the source of active superoxide ions.
The formation energy of a surface oxygen vacancy is considered important for activity enhancement.

According to Ref. [48], the redox properties of ceria are an important, but not the major factor
for catalytic soot oxidation. A comparison of fluorite-type oxides CeO,, PrsO11, CeO,—ZrO,, ZrO,
characterized by high oxygen capacity revealed that the reactivity rather than quantity of oxygen
species involved in oxygen release/storage processes is a favorable factor for low-temperature soot
oxidation. CeO, was shown to be much more active in soot oxidation, than PrgO1; and CeO,-ZrO,
that had higher OSC values than pure CeO,. Using the electron spin resonance (ESR) method it
was demonstrated that the reason was connected with the ability of the CeO, surface to generate
superoxide ions (O, ™) that can rapidly react with neighboring carbon or recombine to yield O,.

Despite unique physical-chemical properties, it is often not feasible to use pure ceria,
since a significant loss of specific surface may occur due to thermal sintering, deactivation of redox
pair, reduction of OSC leading to deterioration of catalytic activity [98], etc. Even small sintering
causes a large impact on the crystallite sizes and the presence of oxygen vacancies, which significantly
reduces the catalytic activity. The presence of metal ions in the ceria lattice allows reducing the effects
of sintering and loss of catalytic activity along with a significant increase of OSC [99,100].

Special attention should be paid to the effect of introduction of Ag into the CeO, structure.
Loading of Ag NPs on CeO, improves the reactivity of CeO, lattice oxygen toward soot oxidation.
Kinetic studies showed [45] that lattice oxygen of ceria interacting with Ag NPs had similar reactivity
to the one of lattice oxygen in Ag,O. Ag NPs enhance reducibility of ceria (which was also shown
in [101] and was attributed to reverse spillover of oxygen atoms from the Ag-CeO, boundary to the Ag
NPs along with other possible interpretations), but not the reoxidation ability of reduced ceria surface
by dioxygen. Silver can become an agent that allows rapid formation of Ox~. In Ref. [102] using
cyclic Hy-TPR and Raman studies, it was shown that both dissociative adsorption of gaseous oxygen
and migration of bulk oxygen of ceria can be facilitated by silver. This results in a rapid generation
of atomic oxygen over silver, which under the TC mode can transfer onto soot particle and lead to
catalytic oxidation reaction [103]. If not, its spillover onto the ceria surface occurs, and the oxygen
transforms to Oy~ through 20-O, ™20~ -20%" over the oxygen vacancies [45,49,57,104,105]. On the
other hand, silver is proposed to participate in the reverse transformation of O~ to O, [105].
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In Figure 6 an effect of silver loading on the catalytic activity of ceria in soot oxidation is
represented. The temperature of soot combustion shifted from 668 °C in case of combustion of
pure soot to 393 °C for CeO; and to up to 345 °C for the case of Ag/CeO; [48].
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Figure 6. Effect of Ag loading on soot combustion profiles of CeO,. Soot/CeO; tight-contact mixtures

with a weight ratio of 1/20 were heated in 10% O, /Nj at the rate of 10 °C-min~!. Reproduced from
Ref. [48] with the permission from the American chemical society.

By comparing the onset temperature, Ti, of soot oxidation over various metal-loaded CeO, with
different loadings (Figure 7) it results that Ti can be lowered with an increase of Ag loading from 357 to
324 °C (20 wt %). On the contrary, loading other metals, such as Pd, Pt, and Rh, could not improve the
activity. This result supports that superoxides activated over silver are the active species responsible
for low-temperature soot oxidation.
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Figure 7. Soot oxidation activity (T;) of metal-loaded CeO, measured in a flow of 10% O, and N,
balance. Tight-contact soot/catalyst mixtures with a weight ratio of 1/20 were heated at the rate of
10 °C-min~!. Reproduced from Ref. [48] with the permission from the American chemical society.

The catalysts for soot combustion have two main drawbacks, i.e. poor soot/catalyst contact
and restricted amount of active site. The promising composites should possess relatively low
specific surface area and have no micropores and small mesopores, which will provide the presence
of a maximal number of active sites on the external surface of the grain and will facilitate the
effectiveness of catalyst performance. Various preparation technique can be used to create such
active surfaces. While the impregnation method still can be used [48], the relatively simple and
economically feasible co-precipitation technique is considered the major way to prepare Ag/CeO,
catalysts for soot oxidation [44,49,104,108]. As a result, an opportunity exists to design favorable
structure to transfer/diffuse the activated oxygen species to reaction zones of the catalyst and promote
better catalyst—soot contact.

Among the catalysts prepared by co-precipitation technique, special interest is devoted to those
with the “rice-ball” core-shell structure [49,104] comprising metallic Ag particles in the core surrounded
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by CeO, particles. These catalysts possess a unique agglomerated structure with a diameter of about
100 nm, where large Ag particles (3040 nm) and a large interface between the Ag and CeO, particles
cause its excellent catalytic performance in soot oxidation due to this morphological compatibility
(the oxidation proceeds below 300 °C).

A less common way to prepare Ag/CeO; catalysts for soot oxidation is the electrospinning
method [47]. CeO; nanofibers with diameters of 241-253 nm were produced using this method
(Figure 8).

Positively W]WV

Thermal
treatment AgNO;
— —
Elimination Adsorption
of PVP of Ag cations
Collector (Rotating drum) ==
S
Electrospinning of CeO,/PVP fibers CeO, fibers Ag/CeO, fibers

Figure 8. Schematic illustration of Ag/CeO, nanofiber synthesis sequence. CeO, nanofibers were
fabricated through the electrospinning of spinnable Ce/PVP in a DMF/EtOH precursor solution
followed by thermal treatment. Ag was then loaded on the surfaces of the CeO, nanofibers. Reproduced
from Ref. [47] with the permission from the Elsevier.

The Ag/CeO, and CeO; fibrous catalysts calcined at 500 °C exhibited an improved catalytic
performance in soot oxidation caused by their large pore sizes related to the macroporous characteristics
of the porous structure in CeO,. Large surface areas of CeO; and Ag metallic species can contribute to
high soot oxidation activity (Figure 9).
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Figure 9. TG and DTG curves: (a) CeO,-500, (b) CeO,-800, (c) CeO,-1000, (d) Ag/CeO,-500,
(e) Ag/Ce0,-800, and (f) Ag/Ce0O,-1000. Reproduced from Ref. [47] with the permission from
the Elsevier.

In Ref. [106] it is pointed out that under oxygen-rich conditions the activity of Ag/CeO; catalysts
is caused by oxygen vacancies near Ag particles, while under oxygen-poor conditions it is controlled
by bulk oxygen vacancies. The generation and transfer of active oxygen are affected by combinations
of both types of oxygen vacancies.

The mechanism of soot oxidation over Ag/CeO, composites is also debating. Soot oxidation is
a solid-solid-gas reaction, and there are two points of views on the predominant reaction mechanisms
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of soot oxidation in the literature [48,109-111]. On one hand, soot oxidation is initiated by the
surface-active oxygen (peroxide and superoxide (O~ and O, ™) species), which may be activated by the
oxygen vacancies. From the other hand, surface active oxygen comes from the bulk by migration of
lattice oxygen. Ref. [99,108] describes a mechanism of metal oxide catalyst participation in redox cycle,
where metal is subjected to repeated oxidation and reduction according to the following reaction set:

Mied + Ogas = Moxd—Oads 1)
Moxd—0ads + C¢ = Myeq + SOC 2
SOC — CO/CO,, 3)

where M4 and M,4—O,4s represent the reduced and oxidized states of the catalyst, respectively;
Ogas and O,y are gaseous O, and surface adsorbed oxygen species, respectively; C¢ denotes a carbon
active site or free site on the carbon surface, and SOC represents a surface carbon-oxygen complex.

According to this mechanism, atomic O,4s species is formed through dissociative adsorption of
gas-phase oxygen on the metal oxide surface, and then attacks the reactive free carbon site C¢ yielding
an oxygen-containing active intermediate. CO/CO; are formed through the reaction between the
intermediate and either O,45 or gas-phase O,. The authors [45,99,108] suggest that in this mechanism
the surface adsorbed oxygen species play the key role in soot oxidation, in contrast to CO oxidation
that occurs through the Mars-van Krevelen mechanism. However, some researchers consider that
the second reaction mechanism is prevalent in soot oxidation over ceria-based catalysts under real
conditions [48] (Figure 10).

ce¥t- Oy

Figure 10. A schematic mechanism of soot oxidation over Ag/CeO; catalyst. Reproduced from Ref. [45]
with the permission from the Elsevier.

In case of reverse CeO,—-Ag catalyst [49], a synergistic effect of Ag and CeO, particles causes
adsorption of gas-phase O, followed by formation of atomic oxygen species and the process is
facilitated due to large Ag—CeO, interface. The O species on the silver surface migrates to the surface of
ceria particles through the interface and transforms into On*~ species (Figure 11). These atomic oxygen
species exist in equilibrium during soot oxidation. Then the mobile active On*~ species migrates onto
soot particle through the soot-ceria contact and completely oxidizes the soot into CO,.

Figure 11. A schematic mechanism for soot oxidation over the CeO,-Ag catalyst. Reproduced from
Ref. [49] with the permission from the Elsevier.
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Another important problem that occurs in particulate filters under real conditions is connected
with the loss of contact between the catalyst and solid reactant (e.g., unreactive ash). In Ref. [104] the
catalytic soot oxidation was shown to occur, when a physical barrier of ash deposit exists between
the catalyst and the solid soot, and the reaction proceeds without a direct catalyst-soot contact or
any external energy applied (Figure 12). A CeO,—Ag catalyst prepared by the co-precipitation and
a Ag/CeO, catalyst prepared by impregnation showed catalytic activity for remote oxidation of soot
separated by the deposition of alumina or calcium sulfate, while CeO, catalyst did not. The remote
oxidation effect is extended to more than 50 pm for both the CeO,—Ag and Ag/CeO; catalysts, with the
highest effect over the former catalyst. Based on the results of the ESR experiments, a mechanism for
the observed phenomenon was proposed, in which a superoxide ion (O, ~) generated on the catalyst
surface first migrated to the ash surface and then to the soot particles and then subsequently oxidizes it.

gaseous Oz CO: _CO:

Figure 12. A schematic mechanism for remote catalytic soot oxidation over a catalyst composed of Ag
and CeO,. Reproduced from Ref. [104] with the permission from the Elsevier.

In [112] several model Ag/CeO; catalysts with uniform structures and diverse surface oxygen
vacancy (Vo_s) contents were prepared by solution combustion method, and the processes of their
activation and deactivation were considered (Figure 13). The V_g content, conditions of catalyst-soot
contact and extra oxygen supplier were pointed out as the most important structural factors in the
activity of soot oxidation catalysts. The dioxygen concentration in the reaction atmosphere was
assumed to influence the Vo_g content, while ceria reduction was mentioned to occur around the
catalyst—soot contact points and did not take place in the presence of O,. Moderate amounts of Vo
were shown to boost the catalytic activity by generating more O™~ species, while their excess yields
02~ instead of O, that hinders the process. The interfacial reduction of ceria and insufficient O, ~
delivery and regeneration were suggested to determine the catalyst performance. The deactivation
can be postponed by noble metal addition, resulting in accelerated soot combustion over noble
metal-containing catalysts.
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Figure 13. Schematic explanation for activity variations over (a) Ag/CeO, with low initial Vo.g
concentration (e.g., AgCe-0, AgCe-0.01, AgCe-0.02 and AgCe-0.03) and (b) Ag/CeO, with high initial
V0.5 concentration (e.g., AgCe-0.04 and AgCe-0.05) during isothermal soot oxidation. Reproduced
from Ref. [112] with the permission from the Royal Society of Chemistry.
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Thus, the development of catalysts with a special state of the deposited phase, characterized
by a strong metal-support interaction, makes it possible to stop the migration of the deposited
particles of the active phase, preventing the process of thermal aging (sintering) of the catalyst,
which is one of the main problems in the operation of catalytic systems for cleaning emissions of
internal combustion engines, both gasoline and diesel. The synergistic effect of Ag/CeO, catalysts
is determined by high activity, stability and is achieved by decreasing the costs for use of expensive
metals, e.g., platinum [113-115], with saving of efficiency in the processes of catalytic cleaning of
emissions of internal combustion engines. In this way, Ag/CeO, composites are considered promising
catalysts for soot oxidation.

2.3. VOCs Abatement

VOCs are a large group of organic chemicals having high vapor pressure and low boiling
point at atmospheric pressure (these include, but are not limited to aldehydes, alcohols, aromatic
compounds, etc.). These properties cause evaporation or sublimation of these compounds from
liquid or solid state and entering the indoor and outdoor air. VOCs are known to possess
high toxicity, poison the atmosphere and have a negative impact on human health and the
environment [34]. To date, numerous ways to solve the challenge of air pollution, such as combustion
of wastes, biodegradation [116], adsorption [117], plasmochemical decomposition [118], photocatalytic
oxidation [119], ozonation [120], etc., have been proposed. The main drawback of these methods is
the high-energy consumption that may be accompanied by the formation of formaldehyde and CO
as well as the complexity of regeneration of the active phase (bacteria, adsorbents, photocatalysts).
Catalytic oxidation of VOCs to carbon dioxide and water are considered the most promising methods
to control the emissions [121-124]. The use of catalysts allows carrying out VOCs oxidation at relatively
low temperatures at complete conversion. As a rule, two main types of effective catalysts for total
oxidation of VOCs are developed, including supported metals (e.g., Au, Pt, Pd, Ag) [125-130] and
transition metal oxides (CeO,, MnO,, Co30y) [130-133]. The combination of noble metal and transition
metal oxide used as a support or modifier is promising to increase the effectiveness of catalytic
composites [134-136].

Currently, Ag-CeO, composites represent both scientific and practical interest as catalysts for
VOCs abatement, in particular oxidation of formaldehyde, methanol, toluene, acetone, etc. A selection
of literature data on Ag/CeO, composites used in VOCs abatement is presented in Table 2. Several
articles were published on formaldehyde oxidation over Ag/CeO, catalysts [40,137-139]. One of the
pioneer works in this field was carried out by S. Imamura et al. [140], who suggested using Ag/CeO,
as catalysts for formaldehyde oxidation. High activity of the Ag/CeO, composite was suggested to
be governed by high dispersion of active silver on CeO, and easier removal of surface oxygen as
compared to the one over individual Ag or CeO, components. The authors pointed out that compared
to other group VIII metals, silver is less expensive and more abundant and shows high activity and
durability, when high temperatures are not required.
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Thus, in Refs. [137,138] a comparison of Ag/CeO, catalysts with Ag-containing catalysts
supported on various supports and the those with different active components supported on CeO; was
considered. Catalytic activity toward formaldehyde oxidation was shown to strongly depend on the
Ag particle size and dispersion and the amount of active oxygen species [137]. The 100% formaldehyde
conversion was achieved above 125 °C. In Ref. [138] the defective sites of mesostructured CeO,
support prepared by pyrolysis of oxalate precursor were suggested to increase oxygen vacancies
able to absorb and activate dioxygen, and highly dispersed silver particles promote this process.
This allowed achieving the complete formaldehyde conversion at 100 °C and was accompanied by
a strong synergistic interaction between active component and CeO, support causing enhancement of
redox capability of the catalyst.

L. Ma et al. [40] also pointed out the synergistic interaction between Ag and CeO, that caused
an activity enhancement of Ag/CeO, nanosphere catalysts with average sizes around 80-100 nm
composed of small particles with a crystallite size of 2-5 nm as compared to normal Ag/CeO; particle
catalysts prepared by conventional impregnation method. The complete formaldehyde conversion
was achieved above 110 °C, which was also explained by the fact that surface chemisorbed oxygen can
be easily formed on the Ag/CeO; nanosphere catalysts. Silver facilitated oxygen activation, which was
considered an important aspect of formaldehyde oxidation.

Similar idea was reported in Ref. [139], where the comparison of catalytic properties of Ag/CeO,
catalyst with different morphologies (nanorods, nanoparticles, and nanocubes) of CeO, prepared by
hydrothermal and impregnation method was carried out. The authors pointed out shape dependence
of the chemical state of ceria-supported Ag NPs, with the catalysts supported on CeO, nanorods
showing the highest activity caused by the highest surface oxygen vacancy concentration, high
low-temperature reducibility as well as existence of lattice oxygen species and lattice defects formed
with the participation of both silver and ceria. The electronic silver—ceria interaction yielded Ag? in
Ag/CeO, composites, and the Ag®/(Ag? +Ag*) ratio was found the highest for the catalysts supported
on ceria nanorods. These results show that the catalytic activity of Ag/CeO, composites toward
formaldehyde abatement can be regulated by engineering the proper shapes of CeO, supports.

One of the main parameters that allows comparing the catalytic activity of different materials
is a TOF. Table 2 presents the TOF values calculated by the authors. Unfortunately, the differences
in calculation methods and absence of required experimental information in original papers did not
allow comparing the activity of Ag/CeO, materials correctly.

Besides formaldehyde, Ag/CeO; catalysts were also used to oxidize other VOCs, e.g. methanol,
toluene, acetone, and naphthalene [41,54,141-143]. In these articles, a comparison of catalysts prepared
by different methods was represented. The authors attempted to determine the influence of the
preparation method and structure of the catalyst on its catalytic activity. Thus, in Ref. [54] the properties
of catalysts prepared by deposition—precipitation and co-precipitation methods were compared in total
oxidation of methanol, acetone, and toluene. The catalysts prepared by co-precipitation method were
revealed to be more active in oxidation reactions. Small crystallites of silver and ceria enhanced the
mobility and reactivity of oxygen species over ceria surface, which participated in the said reactions
through the Mars-van Krevelen mechanism. The reactivity of the VOCs changed in a row: methanol >
acetone > toluene.

In Refs. [41,142] the comparison of the catalytic activity of M/CeO, composites (M = Au, Cu,
Ag) prepared by conventional wet impregnation and deposition—precipitation methods was carried
out in propylene oxidation. It was shown that the Ag-containing catalyst prepared by conventional
wet impregnation method possessed higher catalytic activity. In Ref. [142] the presence of silver in
high oxidation state was considered responsible for high catalytic activity of Ag/CeO, composites.
Using EPR technique it was shown that this is connected with the presence of Ag?* ions (isotopes
107 Ag?* and 199 Ag?* were detected) along with Ag* and Ag® in the Ag/CeO,-Imp sample, while this
was not observed in case of Ag/CeO,-DP (Figure 14, A) [41].
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Figure 14. (A) EPR spectra for (a) CeO;, (b) 10% Ag/CeO; (Imp), and (c) 10% Ag/CeO, (DP) recorded
at —196 °C after treatment under vacuum for 30 min. (B) Propylene conversion over (a) CeO,, (b) 10%
Ag/CeO; (Imp), and (c) 10% Ag/CeO; (DP). Reprinted from [41] with the permission of the Elsevier.

In the presence of Ag?* ions, a mobility of some oxygen species increases, which sets conditions
for the formation of three redox couples (Ag?*/Ag*, Ag?*/Ag’, and Ag*/Ag"). Nitrate precursor
decomposition with the participation of O>~ of ceria lattice was considered a source of Ag?* ions,
while the regeneration of oxygen vacancy may occur either from nitrate or from gaseous oxygen:

Agt +NO; )/ (0¥ Ce*t0* ) —»
8 3
Agt +NO; )/ (0*Ce*t0* ) —
( & 2

(ag*t+0%7) /(0¥ cet 0*) + NO,

In Figure 14B the catalytic conversion of propylene over CeO,, Ag/CeO,-Imp and Ag/CeO,-DP
is shown. Adding Ag to CeO, enhanced the catalytic activity, moreover, the performance of the Imp
catalyst was better than that for the DP. In order to evaluate the stability of the catalyst over time,
the authors also presented both static (isothermic conditions at 175 °C) and dynamic (7 consecutive
cycles vs temperature in the range from 50 to up to 300 °C) aging tests for the activity of the 10%
Ag/CeO; (Imp) sample in propene oxidation. Moreover, EPR studies were carried out for the samples
before and after catalysis. It was stated that after catalysis the Ag?* ions retained on the ceria surface.
This allows formulating the key role of Ag?*/Ag* and Ag?*/Ag? redox couples as active species in
propene oxidation over 10% Ag/CeO, by prepared impregnation method.

S. Benaissa et al. [141] prepared a mesoporous CeO, using nanocasting pathway with SBA-15 as
a structural template and cerium nitrate as a CeO, precursor and compared the properties of catalysts
on the basis thereof prepared by wetness impregnation (WI), deposition—precipitation with urea (DPU)
and impregnation-reduction with citrate (IRC) methods, with the latter being the most active and stable
(the catalytic activity and selectivity did not significantly change after 50 h). The authors connected
this with higher surface lattice oxygen mobility over this catalyst and with strong silver-mesoporous
ceria interaction.

The authors [143] carried out isothermal naphthalene oxidation comparing the activity of catalysts
with different Ag content (0.5-5 wt. %), with the sample containing 1 wt. % Ag being the most
active one. This was explained by the balance between two factors: oxygen availability and oxygen
regeneration capacity. Introduction of Ag to CeO, was shown to increase both factors. Regeneration
capacity was related to the number of oxygen vacancies in bulk ceria, and Ag facilitated the process
by reverse spillover effect. Ce** ions were suggested to be the main active sites. Impregnated silver
was claimed to serve as a “pump” and increase bulk oxygen vacancies, while reducing the surface
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ones, which resulted in oxygen availability and determined the oxygen regeneration. Spillover effect
was proposed to reduce the regeneration ability of active oxygen, when Ag loading is high, which was
connected with lower concentration of surface oxygen vacancies.

Of particular interest is the approach to locate the Ag/CeO, composition on the inert support,
which is usually represented by alumina or silica [144,145]. Thus, H. Yang et al. [144] used 3DOM
Ce0,-Al,03 as a support for Ag catalysts for toluene oxidation. This support was prepared using the
Pluronic F127 (EO196PO70EO;¢6) and PMMA as soft and hard templates, respectively. The obtained
support showed high-quality 3DOM architecture with a diameter of macropores of 180-200 nm,
where ordered mesopores with a diameter of 4-6 nm were formed on the skeletons of macropores.
Such structure allowed producing the particles of active component with sizes of 3-4 nm that were
evenly distributed on the catalyst surface. The 50% and 90% toluene conversion (1000 ppm) over
0.81Ag/3DOM 26.9CeO,-Al,O3 sample was achieved at 308 and 338 °C, respectively.

In Ref. [145] silica gel prepared by sol-gel method and subjected to hydrothermal treatment was
used as a primary support. Ceria and then silver were supported onto silica gel using consecutive
impregnation method. The activity of the obtained catalysts was studied in formaldehyde oxidation
reaction. The author pointed out that the activity of Ag/CeQO,/SiO; catalysts was significantly higher
than the one of Ag/SiO, sample, which was attributed to synergetic action between silver and ceria.
The results obtained for the silver catalyst with small amounts of ceria were not significantly inferior
to silver supported over bulk ceria (Figure 15). Thus, the silica-supported ceria-modified silver catalyst
can be used for formaldehyde oxidation.

100 H

80

Conversion, %

20

T T T T T
100 120 140 160 180 200
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Figure 15. Temperature dependence of the formaldehyde conversion over the catalysts: ®, Ag/SiO,;
0, Ag/Ce0,/Si0,; 4, Ag/MnOy/SiO;; [, Ag/CeO,-MnOy /SiO;. Reaction conditions: 18,000-22,000
ppm of CH,O in dry air; catalyst mass 145 mg; WHSV = 69,000 mL/(gcath). Reproduced from [145]
with permission from Elsevier.

To conclude, Ag/CeO, catalysts are promising materials for VOCs abatement. Even though their
activity is inferior to the one of catalysts based on noble metals, their use still represents wide interest
due to lower costs. Moreover, the opportunity to increase their activity due to the application of
various preparation methods as well as changing of Ag/Ce ratio forms the ground for future research
in this field. It is noteworthy that in the literature there is no consensus on the effect of preparation
method of Ag/CeO, composites on their catalytic activity in VOCs abatement.
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3. Ag/CeO, Composites: Insights from Theory

Due to low amounts of silver that are usually used in the preparation of highly effective
Ag/CeO, composites for total oxidation of VOCs, soot, and CO, not all experimental techniques
can provide a representation of silver—ceria interface and the ways it works in the said catalytic
transformations. Thus, Ag/CeO, composites have attracted the attention of theoretical chemists.
Two main directions are considered: (1) adequate representation and modeling of regular and defective
ceria surfaces [132,146-151], (2) systematic studies of the adsorption behavior of Ag clusters on ceria
surfaces [152-160]. In the latter case, the structure of Ag—ceria interface is widely discussed, while the
adsorption behavior of adsorbates over such composites and their roles in tuning the interfacial
properties are modeled in a lesser extent [152].

Researchers point out several difficulties in terms of theoretical modeling of CeO;-based
composites. These difficulties are as follows: (1) density functional theory (DFT) does not predict
correctly the localized nature of Ce 4f states, (2) change of Ce oxidation state causes incorrect lattice
parameters, (3) the calculation results strongly depend on the used methods and functionals, and the
obtained energy values oscillate.

These issues were partially addressed by application of hybrid functionals [132,161,162] or DFT+U
approach [152,157,163]. The latter is connected with the inclusion of U term for highly correlated
Ce 4f electrons in reduced ceria providing partial occupancy of the corresponding atomic level and
increasing the accuracy of modeling of the on-site Coulomb interactions in CeO,-based materials.
The values for U are usually selected semiempirically. The formalism by Dudarev et al. [164] is usually
used. A combination of local density approximation (LDA) and generalized gradient approximation
(GGA) in periodic calculations is shown to adequately describe geometry and energy parameters [165]
under this approach. However, it is noteworthy that the results of DFT+U calculations depend on
many parameters (e.g., lattice constants), which requires special attention to their interpretation.

In Ref. [160] using LDA+U and GGA+U DFT approaches with different U values and periodic
slab surface models, charge transfer was shown to occur from Ag to ceria with a concomitant reduction
of one Ce surface atom of the top layer, and the transferred electron was localized on Ce atoms.
For Ag-based systems, the most favorable adsorption site comprised three surface oxygen atoms.
In Ref. [159] the studies of surface structures and electrophilic states of Ag adsorbed on CeO,(111)
revealed that charge redistribution can be caused by local structural distortion effects. The distribution
of charge was not uniform over the top O layer because of Ag clusters on the underlying O ions,
which increased the ionic charge of the remaining O ions and decreased the effective cationic charge
over Ce atoms bonded with uncovered O atoms. This also influenced back on the structure of Ag
cluster. Silver clusters were shown to induce changes in the oxidation state of several Ce atoms located
in the top layer (Ce** to Ce3*), which are accompanied by a charge flow from metal cluster to surface
caused by electronegativity difference between Ag and O atoms [154].

In Ref. [158] charge redistribution during Ag adsorption was confirmed by construction of spin
density isosurfaces and site projected density of states. The distortions of selected Ce-O distances
were imposed to study the energetics of Ce*" to Ce®* reduction. Oxidation of Ag® to Ag* was
assumed, while the probable formation of partially oxidized AgxOy species was not considered.
Two nearest neighbor Ce?* sites relative to Ag showed the highest Ag adsorption energy at O bridge
sites, while three nearest neighbor Ce3* sites showed the highest Ag adsorption at Ce bridge sites.

DEFT calculations were carried out for ceria-supported 4-atom transition metal (including Ag)
clusters in Ref. [155] and showed that the strength of metal-metal and metal-oxygen interactions
depended on the hybridization of d-states of metal with p-states of oxygen as well as the occupation of
antibonding Ag d-states. The interactions changed the itinerant f-states of cerium to localized ones,
which created a lateral tensile strain in the top layer of Ce on the surface. It was suggested also that the
structure of Ag cluster determined the number of cerium atoms in the localized Ce3* oxidation state.

Combined experimental (XPS, STM) and theoretical (DFT+U) approaches were used to study
the nucleation and growth of Ag nanoparticles deposited on stoichiometric and reduced thin CeO,
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films grown on Pt(111) [157]. A direct electron transfer from Ag clusters and nanoparticles to ceria was
reported, and its extent, as well as spin, localization depended on the level of theory used. Ag atoms
or nanoparticles supported on stoichiometric CeO, acted as electron donors and are subjected to
spontaneous direct oxidation at the expense of ceria followed by reduction of Ce ions of the support.
The energy costs to move single O atom from ceria toward adsorbed Ag nanoparticle was high, and
reverse spillover of oxygen cannot be considered a favorable mechanism of ceria reduction.

Silver—ceria interaction is often compared with the one in Au/CeO; and Cu/CeO, systems. Due to
relatively lower ionization potential, Ag and Cu show higher adsorption energies. Moreover, silver
nanoparticles act as a platform for oxygen diffusion leading to partially oxidized Ag nanoparticles
located on the surface of the partially reduced ceria [157]. To quantitatively explore the interactions
between silver and ceria, a method is proposed utilizing the conversion of total adsorption energy into
the interaction energy per Ag—O bond and measurement of a deviation of Ag-O-Ce bond angle from
the angle of the sp® orbital hybridization of O atom [153]. It is noteworthy that coordination number
of O atom, although generally considered, is not included into the correlation, while in Ref. [156]
multiple adsorption configurations are shown to exist over single adsorption sites for Ag/CeO,(100),
and electron charge transfer occurs between the neutral silver atom and neighboring Ce** cation.

In Ref. [152] the reactivity of Ag-modified CeO;(111) surface used in soot combustion was
considered. The interactions of stoichiometric and reduced CeO, (111) surfaces with dioxygen, carbon
clusters, isolated Ag atoms and silver clusters were studied using DFT+U approach. Carbonaceous
species yielded oxygenated carbon moieties of reduced ceria. Peroxo and superoxo species are
shown to form, when O; is adsorbed over Ag cluster. The role of Ag atoms is to act as a donor,
which, when oxidized, donate the valence electron to ceria yielding reduced Ce3* ions. The presence
of small Ag clusters mediates the formation of oxygen vacancies (Figure 16).

Figure 16. Structure of O, adsorbed on Ags/CeO,_(111) surface complex. (a) Isomer where O is
above the Ag cluster and forms a superoxo species (less stable); (b) isomer where O is below the Ag
cluster and forms a peroxo group (more stable). Reproduced from Ref. [152]. Copyright© 2011, Elsevier.

The vacancies possess stronger affinity with respect to oxygen as compared to silver that leads to
refilling of the cavities with dioxygen. Co-presence of Ag clusters and reduced ceria lightens electron
transfer and activation of dioxygen molecule. Silver atoms perform as alkali metal promoters to
facilitate O, to O, transition that leads to the formation of reduced Ce%* ions. However, partial
oxidation of silver can take place in this case.

Despite thorough investigations, still there are several debating issues in the theoretical description
of Ag/CeO, composites. Among them are the mechanism of oxygen replenishing in the support,
different behavior of CeO, surfaces, adsorption of silver atoms over long and short O-O bridge sites,
quantitative description of Ag—CeO, interactions, etc.
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4. Emerging Applications

4.1. Photocatalysis

The wide application of CeO,-based catalysts in oxidative catalysis is mainly attributed to
intrinsic redox properties [166]. Conversely, the interest in using ceria in photocatalysis is much lower.
This is connected with fast recombination of photoinduced electron-hole pairs and limited visible
light adsorption capacity [167]. CeO; is an n-type semiconductor with a relatively wide bandgap
(Eg = 3.15-3.2 V) [167,168]. On the other hand, CeO, has emerged as a promising material for
photocatalysis owing to its chemical stability and photocorrosion resistance [169]. Redox Ce**«+Ce3*
transition is accompanied by oxygen vacancy formation, which has high importance for both oxidative
catalysis and electron-hole separation/recombination in photocatalyst [170]. Thus, in Ref. [171]
a mesoporous nanorod-like ceria prepared by microwave-assisted hydrolysis of Ce(NO3)3*6H,O in
the presence of urea was characterized by significant shifts of adsorption to the visible region (a band
gap of 2.75 eV) that was associated with the presence of Ce?*. The growth of temperature was also
shown to result in significant reduction of the recombination of photogenerated electron-hole pairs.
The increased photocatalytic activity in gas-phase oxidation of benzene, hexane, and acetone was
found for the prepared mesoporous nanorod-like ceria due to these two phenomena. Thus, the shape
of ceria nanoparticles and the presence of Ce3* in the structure provided a growth of photocatalytic
activity, including the one under visible light.

Various strategies are being developed to improve the photocatalytic properties of ceria-based
materials: morphology control [172,173], doping by europium or yttrium [174,175], fabrication of
heterojunctions [176], etc. Thus, in Ref. [172] the degradation of the azo dye acid orange 7 (AO7) under
ultraviolet irradiation over hierarchical rose-flower-like CeO, nanostructures (Figure 17) is studied.
The synthesis of CeO; sheets active under the visible light is described in Ref. [173].

5 um 200 nm

Figure 17. (a) Scanning electron microscopy image and (b) TEM image of the CeO, nanopetaled
rose-flower-like morphology annealed at 300 °C for 3 h. Insets present a high-resolution TEM image
and a selected-area electron diffraction pattern of the CeO, roses. Reproduced from Ref. [172] with the
permission from the American Institute of Physics.

Moreover, the fabrication of CeO,-based heterostructures is a more promising way to reduce the
band gap and provide improved electron-hole separation due to charge transfer through the interfacial
boundaries. Silver salts may be used in photocatalysis due to their semiconductors properties.
Thus, AgzPOy are characterized by relatively small band gap (2.36-2.43 eV) [177], absorb visible
light (has yellow color) and possess a good photocatalytic stability. In Ref. [178] the photocatalytic
activity of new composite AgzPO4/CeO; in degradation of methylene blue and phenol under visible
light and UV light irradiation was studied. The photocatalytic activity of the Ag3PO,/CeO, composite
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was shown to be associated with the fast transfer and efficient separation of electron-hole pairs at the
interfaces of two semiconductors (CeO, and Ag3POy). The stability of photocatalyst was demonstrated
during five catalytic cycles.

The photocatalytic remediation of water polluted by some chemically stable azo dyes using
AgrCO3/CeO;, microcomposite under visible light irradiation was studied in Ref. [179]. The enhanced
photocatalytic activity for the photodegradation of enrofloxacin in aqueous solutions over Ag,O/CeO,
composites under visible light irradiation was demonstrated in Ref. [167]. The composite was
synthesized by an in situ loading of Ag,COj3; on CeO, followed by thermal decomposition. The p-n
heterojuction between two semiconductors provided efficient separation of photoinduced charges
through the contact of semiconductors that was shown by photoluminescence spectra (Figure 18a).
The formation of Ag nanoparticles was associated with photoreduction of Ag,O. The surface plasmon
resonance (SPR) on Ag NPs may lead to the formation of electrons and holes in such a way that the
electrons could migrate from Ag NPs to the conduction band (CB) of Ag,O (Figure 18b). Thus, Ag NPs
may play a specific role in photocatalytic degradation of organic pollutants.

NHE(eV)
Visible Light
Electric field
2.0
2 EFA
i CBC03eY 3 E'C\ \(:;" o\, )
TJoaszev) CB.09%Y) Eoosh) A N o - egradation products
[ —— ‘—i'— SR E '
= A s
0.957¢V) E( J ':!'a - — - — 4 ——E @ Visible Light
107 — 3 T
- VB(L.21eY) o hi
= | /
2.0
4 VB(2.38¢V) |
i | Frpep v
3.0 h™h"h
| Degradation products =
Ag:0(p) CeOs(n) Ag0(p) CeOy(n)
Before contact After contact

(a) (b)

Figure 18. The proposed mechanism for the enhancement of photocatalytic activity of Ag,O/CeO,
catalyst in degradation of enrofloxacin. Reproduced from Ref. [167] with the permission from
the Elsevier.

The same effect of photoreduction of silver compounds with the formation of Ag NPs was
observed for Ag/AgCl-CeO; catalysts [180]. The energy of hot electrons, generated on Ag NPs due
to SPR, is between 1.0 and 4.0 eV [181], and these electrons could migrate to the CB of AgCl in such
a way that the electrons and holes generated on CeO, and Ag NPs would be efficiently separated.
Thus, in composite photocatalysts the role of Ag NPs in visible light adsorption and separation of
charges is high.

The decoration of ceria by metals (Au, Pt, Pd, Ag) provides growth of photocatalitic activity due
to increased electron-hole separation and extended time of light response of semiconductors [170].
The three main phenomena of charge transfer are involved through metal-semiconductor interface:
Schottky barrier (transfer of electrons from semiconductor to metal) (Figure 19a), metal SPR with
transfer of charge from metal to semiconductor (Figure 19b) and metal SPR—Ilocal electric field
(accompanied by recombination of electrons from metal and holes of semiconductors) (Figure 19c).
The SPR for Ag NPs is observed generally near the wave-length of 400 nm, while adsorption of Au NPs
is observed at 550 nm [181], which makes gold more attractive for photocatalysis [182,183]. However,
the position of the absorption band of nanoparticles depends on many factors, including the size and
shape of particles, interaction with surroundings. Thus, significant shift of SPR of Ag NPs from 400 nm
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to 480-500 nm is observed for Ag/CeO; catalysts [184] that may be attributed to strong electronic
metal-support interaction between Ag and CeO;. This provides an enhanced photocatalytic activity
of Ag/CeO, composites in the degradation of methylene blue under the simulated sunlight [50] or
visible light [185]. According to [50], Ag acts as an acceptor of photoelectrons, and then the electron
rapidly reacts with O, yielding O, that reduces the probability of recombination of electron-hole
pairs. The correlation between the rate of degradation and amount of Ag NPs (active sites) was found.
High stability and high recyclability of the Ag/CeO, heterostructure catalysts was shown.

Light Light Light
—a—— e — ————
B - - o
(a) (b) (c)

Figure 19. Schematic diagram showing: (a) transfer of electrons to form a Schottky barrier (b) transfer
of electrons excited by surface plasmon resonance, (c) excitation of electrons in the photocatalyst from
the local electric field. Reproduced from Ref. [170] with the permission from the Elsevier.

In Ref. [186], a photocatalytic degradation of Congo Red under UV light and visible light over
three-dimensionally ordered macroporous (3DOM) Ag/CeO,-ZrO, material was studied. It was
shown that the SPR effect of Ag particles provides the adsorption of visible light and promotes
separation of electrons and holes, reducing their recombination and improving the photocatalytic
activity. The superior photocatalytic activity of Ag/CeO,/ZnO nanostructure was shown in
degradation of azo dyes (methylene orange and methylene blue) and phenol solution under visible
light irradiation was demonstrated in Ref. [187]. It was found that formation of oxygen vacancies led
to a narrow band gap (2.66 eV), which helps to produce sufficient electrons and holes under visible
light in the ternary Ag/Ce0O,/ZnO nanostructure. The defect structure of composite inhibited the
electron-hole recombination and provided synergistic effect of narrow band gap. The SPR of Ag
NPs and defects (Ce>* and oxygen vacancies) in CeO, and ZnO resulted in superior photocatalytic
activity. In Ref. [188], the correlation between Ce®* loading, amount of oxygen vacancies and activity
of Ag/CeO; and Au/CeO; catalysts in photodegradation of rhodamine blue dye in an aqueous
medium under UV-vis irradiations were found. The conditions of synthesis (pH of precipitation)
and Ag/Au loading provided different Ce®* loading, distortion of CeO, lattice and concentration of
vacancies. All these parameters affected on light absorbance, separation of photogenerated charges
and photocatalytic properties.

Thus, silver and its compounds supported on ceria have high importance in photocatalytic
degradation of organic pollutants. Semiconductor properties of silver compounds and SPR of Ag
NPs provide both absorbance of visible light, separation of electrons and holes and result in increased
photocatalytic activity. Several common aspects were found between classical oxidation catalysis and
photocatalysis over Ag/CeO, composites. The interaction of silver with ceria (including electronic
metal-support interaction) influences on the catalytic activity of Ag/CeO, due to cooperation of active
sites of Ag and ceria. The presence of Ag-CeO, contact also leads to a growth of the amount of
oxygen vacancies in the structure of CeO, that also promotes an enhanced catalytic/photocatalytic
activity. Generally, Ag/CeO, composites are new for photocatalysis and poorly described. The study of
Ag/CeO; systems in photocatalysis has high importance for fundamental research and real application
of catalysts in the purification of aqueous wastes from dyes and other organic pollutants.
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4.2. Electrocatalysis

Silver was also shown to be a promising material for electrocatalytic applications [189-191].
Recently, ceria has attracted a growing interest as a component of materials for electrocatalytic
applications [192,193]. The main reasons for this are its high oxygen storage and transfer abilities.
Application of proper amounts of noble metal improves the conductive properties of CeO,-based
materials, thus making them promising composites for electrocatalytic applications in fuel cells,
metal-air batteries, and other alternative energy transfer devices [194].

A combination of silver and ceria in Ag/CeO, composites was used in several
publications [51,52,195,196]. In Ref. [196] the Ag/CeO, composites comprising 30-50 nm silver
nanoparticles uniformly anchored on the surface of nanosheet-constructing porous CeO, microspheres
were used as oxygen reduction reaction catalysts. CeO, is known to show high oxygen storage
capability and oxygen transfer ability, and silver was added to improve the conductivity of the latter.
As a result, an enhanced activity was observed, and aluminum-air batteries based on Ag/CeO,
composites exhibited an output power density of 345 mW/cm? and low degradation rate of 2.6% per
100 h, respectively.

In Ref. [51] a method was developed to prepare nanoporous Ag-CeO, ribbons with
a homogeneous pore/grain structure by dealloying melt-spun Al-Ag-Ce alloy in a 5 wt. % NaOH
aqueous solution. The resulting structure comprised uniform CeO, particles dispersed on the fine
Ag grains, with the amount of oxygen vacancies growing as the calcination temperature increases.
An enhanced Ag-CeO, interfacial interaction was assumed to cause high performance of the
composites in electrocatalytic oxidation of sodium borohydride. In Ref. [195] Au was shown to
impair the promoting effect on these composites and decrease the reaction resistance. The activity
improvement was assumed to be caused by strengthening of interfacial interaction between the Ag-Au
solid solution and CeO, particles due to Au effect, while the thermal stability and electron transport
properties also improved. An increase of the Au content in the precursor alloy results in the reduction
of catalytic activity and thermal stability.

In Ref. [52] 3D Ag/CeO; nanorods with high electrocatalytic activity for NaBH4 electrooxidation
were discussed. The ongoing calcination in air resulted in the dispersion of small Ag nanoparticles on
the CeO, surface, and well-defined Ag-CeO, interfaces were created, where nanorods were connected
by large conductive Ag nanoparticles. The resulting mass specific current of the composite 2.5 times
exceeded the one for pure Ag in borohydride oxidation reaction. High concentration of surface
oxygen species was assumed to determine the exhibited enhanced catalytic activity along with a 3D
architecture of nanorod and strong metal-support interaction.

Thus, a variation of the chemical composition of Ag/CeO, by using various promoters and
modifiers allows tuning the electrocatalytic activity of the composite.

5. Conclusions and Outlook

In the present review we have summarized the recent advances and trends on the role of
metal-support interaction in Ag/CeO, composites in their catalytic performance in total oxidation of
CO, soot, and VOCs. Promising photo- and electrocatalytic applications of Ag/CeO, composites have
also been discussed. The key function of the silver—ceria interaction is connected with the following
major aspects:

1. the catalytic performance of Ag/CeO, composites strongly depends on the preparation method
that determines the morphology of both Ag and ceria nanoparticles, interfacial configuration and
strength of metal-support interaction;

2. active surface sites are formed at the Ag-CeO; interface, with the interfacial O atoms exhibiting
different reactivity as compared to other surface O atoms, while oxygen species over Ag particles
are still of importance and participate in catalysis;
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positively charged Ag clusters facilitate the formation of surface oxygen vacancies over ceria
support, while metal Ag nanoparticles promote the reduction of CeO, nanocrystals and enhance
their catalytic activity;

an enhanced activity of Ag/CeO, materials is caused by the highest surface oxygen vacancy
concentration, high low-temperature reducibility as well as existence of lattice oxygen species
and lattice defects formed with the participation of both silver and ceria;

the role of impurities (such as alkali ions, carbon-containing species, etc., appeared on the surface
and/or bulk of ceria during the preparation procedure and participating in transferring of electron
density to O surface species) should be considered;

redox properties are caused by coexistence and interplay between Ag*/ Ag0 and Ce3* /Cett pairs;
high photocatalytic activity of Ag/CeO, composites is caused by the ability of Ag nanoparticles
to prolong the lifetime of photogenerated electron-hole pairs due to the effect of localized SPR
and reduction of the recombination of free charges;

enhanced electrocatalytic activity and good electrochemical stability of Ag/CeO, composites are
connected with strong interfacial interactions between Ag and CeO, moieties that are caused by
their specific morphology and architecture, which hinder the particulate agglomeration during
the long-term electrocatalytic reaction.

Thus, the configuration of the silver—ceria interface provides the enhanced catalyst performance

caused by synergistic effects of silver and cerium oxide. A proper selection of preparation
method allows achieving the desired features of the composites and fine-tuning the strength of
electronic metal-support interactions that can be additionally improved by application of ordered
supports (e.g., SBA, MCM, MOFs, etc.) and promoters. This will allow rational designing of
a new generation of highly effective Ag/CeO, composites for environmental, energy, photo- and
electrocatalytic applications.
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Abstract: Catalytic oxidation of alcohols is an essential process for energy conversion, production of
fine chemicals and pharmaceutical intermediates. Although it has been broadly utilized in industry,
the basic understanding for catalytic alcohol oxidations at a molecular level, especially under both
gas and liquid phases, is still lacking. In this paper, we systematically summarized our work on
catalytic alcohol oxidation over size-controlled Pt nanoparticles. The studied alcohols included
methanol, ethanol, 1-propanol, 2-propanol, and 2-butanol. The turnover rates of different alcohols
on Pt nanoparticles and also the apparent activation energy in gas and liquid phase reactions were
compared. The Pt nanoparticle size dependence of reaction rates and product selectivity was also
carefully examined. Water showed very distinct effects for gas and liquid phase alcohol oxidations,
either as an inhibitor or as a promoter depending on alcohol type and reaction phase. A deep
understanding of different alcohol molecular orientations on Pt surface in gas and liquid phase
reactions was established using sum-frequency generation spectroscopy analysis for in situ alcohol
oxidations, as well as density functional theory calculation. This approach can not only explain
the entirely different behaviors of alcohol oxidations in gas and liquid phases, but can also provide
guidance for future catalyst/process design.

Keywords: catalytic alcohol oxidation; gas phase; liquid phase; Pt nanoparticles; sum-frequency
generation spectroscopy; surface molecular orientation; density functional theory calculation

1. Introduction

Catalytic partial oxidation and complete oxidation of alcohols over platinum group metals
(PGM) or metal oxide catalysts are fundamental processes not only in energy conversion, such as in
fuel cells [1,2], but also in fine chemical synthesis and the pharmaceutical industry [3-7]. Usually,
the production of aldehydes and ketones is performed through alcohol oxidation in the gas phase
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at high temperatures, while the production of fine chemicals and pharmaceutical intermediates is
performed in the liquid phase at low temperatures [8,9]. Many researchers have focused on the
synthesis of novel, highly efficient, poisoning-resistant, or low-cost catalysts to improve productivity
and selectivity, as well as to lower environmental impact [6,10-18]. However, very few studies have
focused on the systematic comparison on gas phase and liquid phase alcohol oxidations over the
same PGM or metal oxide catalysts at the molecular level, which is very important for the basic
understanding of the reaction kinetics and mechanisms to advance and improve the catalyst and
process designs for practical application.

This review paper systematically summarizes our previous work in the catalytic alcohol oxidation
area, in both gas phase and liquid phase over size-controlled Pt nanoparticles [9,19-22]. The studied
alcohols included C1-C4 molecules, i.e., methanol (MeOH), ethanol (EtOH), 1-propanol (1-PrOH),
2-propanol (2-PrOH), and 2-butanol (2-BuOH). Detailed comparisons of the reaction rates in both
phases and the Pt nanoparticle size dependence of reaction rates, as well as product selectivity,
the apparent activation energy of alcohol oxidations in both phases, and also the response to co-existing
water under different reaction conditions, are all included herein. To understand the intrinsic reasons at
the molecular level for differences in reaction kinetics and mechanisms in alcohol oxidation under gas
and liquid phases, the sum-frequency generation (SFG) vibrational spectroscopy measurements on Pt
surface under reaction conditions were conducted and discussed in detail. In aid of density functional
theory (DFT) computational modeling, different alcohol molecular orientations/configurations on
Pt surface in the gas phase and liquid phase reactions were confirmed, which well explained the
phenomena that were observed with striking differences.

2. Results and Discussion

2.1. Turnover Rate Comparison for Alcohol Oxidation in Gas Phase and Liquid Phase

Figure 1 shows the turnover frequency (TOF) of different alcohols in catalytic oxidation reactions
producing carbonyl compounds in both gas phase and liquid phase. As we can observe, different
alcohols in the gas phase oxidation reaction showed distinct turnover rates; for example, at 60 °C,
MeOH showed the highest TOF, followed by EtOH, 2-PrOH and 1-PrOH. The saturated vapor pressure
of MeOH, EtOH, 1-PrOH and 2-PrOH at 20 and 60 °C, either cited from literature or calculated using
Antoine Equation, are also shown here [23-25]. From Figure 1, it can also be seen that, interestingly,
there seems to be a good correlation between gas phase alcohol oxidation reaction rates and alcohol
vapor pressure. Alcohols with higher vapor pressure such as MeOH, EtOH, and 2-PrOH have many
more dynamic molecules in the gas phase; thus, it can reach the catalyst surface, react to form
intermediates/products, and leave the catalyst surface more efficiently. In contrast, alcohol with lower
vapor pressure such as 1-PrOH has less dynamic molecules in the gas phase, and these molecules are
either “reluctant” to reach the catalyst surface or “stick” to the surface upon contact without leaving
quickly, thus resulting in the lower reaction rates in the gas phase oxidation reaction. For 2-BuOH
oxidation in gas phase, the reaction was carried out at 80 °C; therefore, the direct comparison of
reaction rates between 2-BuOH and other alcohols was not performed here.

For the liquid phase oxidation reactions using pure alcohols, in most cases, such as for MeOH,
EtOH, 2-PrOH and 2-BuOH, the turnover rates were lower than those in the gas phase reaction.
1-PrOH was an exception that the liquid phase reaction rate under such condition was higher than that
in the gas phase. For gas phase alcohol oxidations, it should be noted that the alcohol to oxygen ratio
was controlled at 1:5 (~0.48 mM of alcohols and ~2.41 mM of O,), while in the liquid phase reaction
this alcohol to oxygen ratio was much higher (~4 orders of magnitude depending on alcohol density)
than that in the gas phase due to much higher density of alcohols in pure liquid phase. Therefore,
for reasonable comparison, we diluted the liquid phase alcohols to one thousandth using a neutral
solvent, heptane, which does not show a clear impact on the reaction kinetics of alcohol oxidations
under similar reaction conditions [22]. In this way, the liquid phase alcohol concentrations ranged
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from 10 to 24 mM, and the dissolved O, concentration in the liquid phase (alcohol plus heptane)
was about 16.7 mM, making the liquid phase reaction conditions much more similar/comparable
to the gas phase reaction conditions. It is evident that, even under comparable alcohol molecular
density on Pt nanoparticle surface after 1000 times dilution including MeOH, EtOH, 1-PrOH and
2-PrOH, the reaction rates in the liquid phase were about 1~4 magnitude slower than those in the
gas phase reaction. The dilution of 2-BuOH in the liquid phase was not performed, but based on
the dilution results for other alcohols, the reaction rate of 2-BuOH would be further decreased upon
dilution resulting in much lower activity. These results suggest that the reaction rates of catalytic
alcohol oxidation heavily depended on the reaction phase (gas phase versus liquid phase), and the
intrinsic root cause for such discrepancy should be understood at the molecular level.
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Figure 1. Turnover rates of alcohol oxidation to carbonyl compounds in gas and liquid phases over 6 nm
Pt/MCEF-17 (4.5 nm Pt/MCF-17 for 1-PrOH oxidation). Gas phase reaction: 1.33 kPa alcohol, 6.67 kPa
Oy, 94.66 kPa He, 60 °C reaction temperature for MeOH, EtOH, 1-PrOH, 2-PrOH and 80 °C reaction
temperature for 2-BuOH. Liquid phase reaction: 15 mL alcohol, dissolved oxygen under 100 kPa for
MeOH, EtOH, 1-PrOH, 2-PrOH (60 °C reaction temperature) and 300 kPa for 2-BuOH (80 °C reaction
temperature). Liquid phase reaction (1000 times diluted): 15 mL heptane, 15 pL alcohol with dissolved
oxygen under 100 kPa for MeOH, EtOH, 1-PrOH, 2-PrOH at 60 °C reaction temperature. The vapor
pressure of MeOH, EtOH, 1-PrOH, 2-PrOH at 20 and 60 °C is also presented herein. (TOF data for
MeOH, EtOH, 1-PrOH, 2-PrOH, 2-BuOH oxidations were reported in [9,19-22], respectively).

2.2. Size Effect of Pt Nanoparticles on Alcohol Oxidation in Gas Phase and Liquid Phase

Both gas phase and liquid phase alcohol oxidations were carried out on Pt nanoparticles with
precisely controlled particle sizes, i.e., 2-9 nm Pt loaded into MCF-17 mesoporous silica. Accordingly,
we could study the Pt nanoparticle size dependence of the turnover rates, as well as the product
selectivity for different alcohols under both reaction conditions.

As shown in Figure 2A, for all the alcohol oxidations in the gas phase, including MeOH, EtOH,
1-PrOH, 2-PrOH at 60 °C and 2-BuOH at 80 °C, the turnover rates all showed a monotonic increase
as the Pt nanoparticle size grew (except a single point for MeOH oxidation on 8 nm Pt). A very
similar trend was also observed for all alcohol oxidations in the liquid phase, as shown in Figure 2B.
These results indicate that the alcohol oxidation reactions preferentially took place on step sites or
terrace sites on larger Pt nanoparticles, while the corner sites or edge sites on smaller Pt nanoparticle
were not favorable for alcohol oxidations, probably due to their too-strong affinity to oxygenated
species blocking the catalyst surface, which was not beneficial to the rate-determining dehydrogenation
process of alcohol adsorbates [1,26].
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Figure 2. Size effect of Pt nanoparticles on TOF values of MeOH, EtOH, 1-PrOH, 2-PrOH oxidation at
60 °C and 2-BuOH oxidation at 80 °C. (A) Gas phase reaction: 1.33 kPa alcohol, 6.67 kPa Oy, 94.66 kPa
He; (B) Liquid phase reaction: 15 mL alcohol, dissolved oxygen under 100 kPa (300 kPa for 2-BuOH).
(TOF data for MeOH, EtOH, 1-PrOH, 2-PrOH, 2-BuOH oxidations as a function of Pt nanoparticle sizes
were reported in [9,19-22], respectively).

For all alcohol oxidations that we studied in both gas phase and liquid phase, except for CO,
resulting from complete oxidation, the products were mainly carbonyl compounds from partial
oxidation. Figure 3A shows the selectivity to carbonyl compounds in the gas phase alcohol oxidations.
For gas phase MeOH oxidation, the main products were formaldehyde (less) and methyl formate
(more), and the selectivity to these two compounds was about 60-70%. No clear correlation between
formaldehyde plus methyl formate selectivity and Pt nanoparticle size was observed, except that
the highest selectivity was observed on 4-6 nm Pt nanoparticles. For gas phase EtOH oxidation,
the main product was acetaldehyde, with selectivity as high as 97%. For gas phase 1-PrOH oxidation,
the main product was propanal, and similar to the MeOH case, the highest selectivity to propanal
(>80%) was also observed on 4-6 nm Pt nanoparticles. For gas phase 2-PrOH oxidation, acetone
was the only product. Moreover, for gas phase 2-BuOH oxidation, the selectivity to butanone on
4-6 nm Pt nanoparticles (ca. 97%) was also slightly higher than that on 2 nm Pt. Figure 3B shows
the selectivity to carbonyl compounds in liquid phase alcohol oxidations. For liquid phase MeOH
oxidation, interestingly, much more formaldehyde was produced than methyl formate, and the
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selectivity to formaldehyde plus methyl formate (ca. 80-90%) was also much higher than that in the
gas phase reaction (60-70%). Smaller Pt nanoparticles (such as 2 nm) were more likely to catalyze
the deep oxidation of MeOH, thus resulting in the formation of more methyl formate, while larger
Pt nanoparticles (such as 4-8 nm) were more favorable for formaldehyde formation with monotonic
correlation with particle size. For all other alcohols, including EtOH, 1-PrOH, 2-PrOH and 2-BuOH,
the selectivity to carbonyl compounds in the liquid phase oxidation reactions were either similar or
higher than those in the gas phase reactions (see 1-PrOH data for more apparent comparison), implying
that the complete oxidation of alcohols in liquid phase was actually inhibited to a certain extent,
probably due to the different molecular density or molecular orientation on the Pt nanoparticle surface.
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Figure 3. Size effect of Pt nanoparticles on product selectivity to carbonyl compounds (other than CO,)
of MeOH, EtOH, 1-PrOH, 2-PrOH oxidation at 60 °C and 2-BuOH oxidation at 80 °C. (A) Gas phase
reaction: 1.33 kPa alcohol, 6.67 kPa O5, 94.66 kPa He; (B) Liquid phase reaction: 15 mL alcohol, dissolved
oxygen under 100 kPa for MeOH, EtOH, 1-PrOH, 2-PrOH, and 300 kPa for 2-BuOH. (Selectivity data
for MeOH, EtOH, 1-PrOH, 2-PrOH, 2-BuOH oxidations as a function of Pt nanoparticle sizes were
reported in [9,19-22], respectively).

2.3. Different Activation Energies of Alcohol Oxidation in Gas Phase and Liquid Phase on Pt Nanoparticles

To further investigate the difference of reaction kinetics for alcohol oxidations in the gas phase
and liquid phase, the apparent activation energy (Ea) on 4 nm Pt/MCF-17 for most alcohol oxidations
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(4.5 nm Pt/MCF-17 for 1-PrOH oxidation) was measured and presented in Figure 4. It is very
interesting to see that the apparent activation energy for all alcohol oxidations in the gas phase was
much higher than that in the liquid phase, although under such reaction conditions the gas phase
turnover rates were much higher than those in the liquid phase. This means that the gas phase
alcohol oxidations are more sensitive to the reaction temperature, while the liquid phase alcohol
oxidations do not. In practical application, if it is preferable to conduct the alcohol oxidations at
higher operation temperatures, gas phase reactions are highly recommended, while if it is preferable
to conduct the alcohol oxidations at lower operation temperatures, the liquid phase reactions are
probably more suitable. However, the oxygen mass transfer in the liquid phase is much slower
than that in the gas phase (e.g., regarding to oxygen diffusion coefficient Doy, D02 in water, 283 K:
1.54 x 1072 ecm?/s, Dog in N2, 1atm,273k: 0.181 cm?/s) [27,28]. Tt is necessary to improve the oxygen
diffusion capacity in order to increase the total product yields in alcohol oxidations in the liquid phase.
Besides the oxygen diffusion difference between gas phase and liquid phase reactions, the distinct
alcohol molecular orientations on Pt surface in two different phases might be another important reason
for activation energy discrepancy, and will be discussed in detail in the SFG spectra analysis and DFT
calculation sections.

V2 Ea in gas phase

200 S Ea in liquid phase

)
-
o
?
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MeOH EtOH 1-PrOH  2-PrOH  2-BuOH

Figure 4. Apparent activation energy (Ea) of alcohol oxidations in gas and liquid phases over 4 nm
Pt/MCEF-17 (4.5 nm Pt/MCF-17 for 1-PrOH oxidation). Gas phase reaction: 1.33 kPa alcohol, 6.67 kPa
O,, 94.66 kPa He; Liquid phase reaction: 15 mL alcohol, dissolved oxygen under 100 kPa for MeOH,
EtOH, 1-PrOH, 2-PrOH, and 300 kPa for 2-BuOH. (Ea data for MeOH, EtOH, 1-PrOH, 2-PrOH, 2-BuOH
oxidations were reported in [9,19-22], respectively).

2.4. H,O Effect on Alcohol Oxidation in Gas Phase and Liquid Phase on Pt Nanoparticles

H,O is one of the products of the complete or partial oxidation of alcohols, especially in gas
phase reactions, where the selectivity to carbonyl compounds is not as high as that in the liquid phase
reactions. Therefore, it is indispensable to check the H,O effect on alcohol oxidation not only in the
gas phase but also in the liquid phase, which is quite essential for practical application.

As the results of relative turnover rates shown in Figure 5 demonstrate, for the gas phase MeOH,
EtOH, 1-PrOH and 2-PrOH oxidations, water vapor definitely inhibited the reaction rates significantly,
with the TOF values dramatically increasing upon water vapor addition. This could be simply
explained by the competitive adsorption of H,O onto the Pt surface, thus obviously blocking the active
sites for catalytic alcohol oxidations. However, in the case of gas phase 2-BuOH oxidation, the water
vapor addition showed some promotion effect at medium H,O doping amounts (i.e., HO content of
0.17 and 0.33), which seemed to be unusual.
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Figure 5. Effect of H,O addition on relative TOF of alcohol oxidations over Pt/MCF-17 in gas and
liquid phases. Gas phase reaction: 1.33 kPa alcohol, 0.13-1.33 kPa water vapor, 6.67 kPa O,, He balance
(in total 102.66 kPa); Liquid phase reaction: 5-10 mL alcohol, 0-10 mL distilled water, in total 15 mL
volume, dissolved oxygen under 100 kPa for MeOH, EtOH, 1-PrOH, 2-PrOH and 300 kPa for 2-BuOH.
Catalysts and reaction temperatures for both gas and liquid phases: 4 nm Pt/MCF-17 at 60 °C for
MeOH, EtOH, 2-PrOH, 4.5 nm Pt/MCF-17 at 60 °C for 1-PrOH, and 6 nm Pt/MCF-17 at 80 °C for
2-BuOH. All data were normalized by TOF value without water addition. (H,O effect data for MeOH,
EtOH, 1-PrOH, 2-PrOH, 2-BuOH oxidations were reported in [9,19-22], respectively).

In the case of the liquid phase alcohol oxidations, the responses to aqueous water addition were
totally different from case to case. For example, with regard to liquid MeOH oxidation, H,O showed
a nearly linear inhibition effect on reaction rate, but still the inhibition effect was not as strong as
that in the gas phase reaction. In the case of the liquid phase EtOH oxidation, the inhibition effect
of H,O seemed to be mitigated to a certain extent. While, for the liquid phase 1-PrOH and 2-PrOH
oxidations, HpO actually acted as a “promoter” or “co-catalyst”, which significantly increased the
turnover rates. Such striking difference of reaction rates in response to aqueous water in the liquid
phase alcohol oxidations comparing to response to water vapor in the gas phase alcohol oxidations
was mainly due to the totally different alcohol molecular density and/or alcohol molecular orientation
on the Pt surface. As for the liquid phase 2-BuOH oxidation, the impact of aqueous water on reaction
rate was totally opposite to other alcohols. Even with a very small amount of aqueous water addition,
such as an H,O content of 0.07, the turnover rate dramatically decreased to ca. 12% of the initial
value, indicating that aqueous water here actually acted as a “poisoning agent” for the liquid phase
2-BuOH oxidation.

So far, totally opposite effects were observed for HO on gas phase and liquid phase 2-BuOH
oxidations, in contrast to other alcohols, which can probably be explained by the hydrophilicity
difference of alcohols. MeOH, EtOH, 1-PrOH and 2-PrOH are all miscible in water, while 2-BuOH
has a solubility of only 12.5 g per 100 mL of H,O due to the existence of more hydrophobic
alkyl chains [9,29]. The capping agent that we used for Pt nanoparticle synthesis, which was
polyvinylpyrrolidone (PVP), actually showed amphiphilicity. In the case of the gas phase 2-BuOH
oxidation with relatively high mobility of alcohol and H,O molecules, once the 2-BuOH molecules
had reached and attached to the Pt surface, H,O could not be adsorbed onto the surface anymore
in any significant amount due to the hydrophobic nature of the 2-BuOH molecules. Therefore,
water vapor only showed a slight inhibition effect, or even some promotion effect (probably due to
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the more hydroxyl group formation in the presence of H,O) [30,31], on gas phase 2-BuOH oxidation.
Contrastingly, in the case of the liquid phase 2-BuOH oxidation with relatively low mobility of
alcohol and H,O molecules, aqueous water would preferably gather around the Pt surface due to the
hydrophobic nature of 2-BuOH. Such aqueous water layer blocked the access to the surface active sites
thus resulting in the decrease of turnover rate in the liquid 2-BuOH oxidation [9].

2.5. Case Study of 1-PrOH Oxidation Using SFG Spectra Analysis on Pt Thin Film and DFT Calculation in
Gas and Liquid Phases

To fully understand the picture of how alcohol molecules interact with the Pt surface under
different reaction conditions, taking 1-PrOH as first example, we conducted SFG spectra study at
60 °C, which is an in situ technique with surface-specific characteristics, on Pt thin films prepared
by electron-beam deposition. Figure 6 shows the SFG spectra of 1-PrOH in gas phase on Pt thin film
during reaction at 60 °C with 101.33 kPa of O, and different partial pressures of gas phase 1-PrOH,
as well as the SFG spectra of 1-PrOH on Pt thin films at 60 °C purged by Ny in the gas phase and
liquid phase. As can clearly be seen from Figure 6a,b, the SFG peaks that can be assigned to symmetric
CH, stretching mode at ca. 2840 cm !, symmetric CHj stretching mode at ca. 2870 cm L, asymmetric
CHj, stretching mode at ca. 2910 cm~!, CH; Fermi resonance at ca. 2935 cm™!, and asymmetric
CH3 stretching mode at ca. 2970 cm ™! can be observed on the Pt surface under 1.87 and 9.07 kPa of
1-PrOH with O,. However, these spectra showed noticeable differences not only in the strength of CH,
peaks but also in the ratios between asymmetric and symmetric methyl stretches. This is absolutely
clear evidence that surface 1-PrOH molecule orientation on Pt is highly dependent on the alcohol
molecular density in the gas phase. It should be noted that our SFG spectra were measured under
ppp polarization. Therefore, the absolute 1-PrOH molecule orientation cannot be directly determined.
However, SFG theory predicts that a change in the orientation of specific functional groups (such
as —-CHj3 groups in this study) relative to the studied surface can result in the intensity ratio change
of different vibration modes [22]. In such studies, the surface of Pt was considered to possess Ceov
symmetry, while the 1-PrOH molecule orientation on the Pt surface was assumed to be isotropic with
regard to the azimuthal angle to the z-axis. Therefore, the average tilt angle of -CHj3 group from the Pt
surface (0) could be described by such a measurement, and changes in the asymmetric/symmetric
mode ratio among the spectra were accordingly representative of a change of 6 [21]. A low value of 0
describes a molecule with its methyl group pointing up from the surface (“standing up” configuration),
and a high value describes a molecule close to the surface (“lying down” configuration) [22]. The ratio
of asymmetric/symmetric stretches of -CHj group under 1.87 kPa of 1-PrOH with O, was ca. 0.5:1,
while this ratio significantly increased to 2:1 under 9.07 kPa of 1-PrOH with O, which was four times
higher. This indicates a significant change in 6 between low and high 1-PrOH partial pressure, and thus
a different molecular orientation on the Pt surface.

Furthermore, as shown in Figure 6¢,d, we also measured the SFG spectra of 1-PrOH on the Pt
surface under N, purge with 10.67 kPa partial pressure in the gas phase and pure 1-PrOH in the liquid
phase. The SFG spectrum recorded for gas phase 1-PrOH under such conditions showed peaks that
could be assigned to -CHj groups with symmetric stretching mode at ca. 2870 cm~l, strong Fermi
resonance at ca. 2935 cm ™!, and asymmetric stretching mode at ca. 2960 cm~?, as well as -CH, groups
as weak shoulders with symmetric stretching mode at ca. 2840 cm~! and asymmetric stretching
mode at ca. 2910 cm~!. This spectrum was pretty similar to the one recorded under O, with 1-PrOH
with a relatively larger partial pressure in Figure 6b, although in this case, both the asymmetric and
symmetric stretches from —CHj and —CHj groups showed some increase in peak intensity, mainly
due to the higher 1-PrOH density on Pt surface. Contrastingly, the SFG spectrum recorded for liquid
phase 1-PrOH showed significantly changed peak patterns compared to the gas phase, with slightly
decreased peak intensity in -CH, stretching modes and greatly increased intensity ratio between
asymmetric and symmetric stretching modes from —CHjs. We believe that the average tilt angle of
—CHj group from Pt surface, 0, for 1-PrOH in the liquid phase became much smaller than that in
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the gas phase, which means that the molecular structure in the liquid phase was more ordered and
more preferentially in a “standing up” configuration than the “lying down” configuration in the gas
phase [21].
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Figure 6. SFG spectra collected for gas phase 1-PrOH on Pt thin film during reactions at 60 °C with
101.33 kPa of Oy: (a) 1.87 kPa (14 Torr) of 1-PrOH; (b) 9.07 kPa (68 Torr) of 1-PrOH. SFG spectra
collected for 1-PrOH on Pt thin film at 60 °C purged with Ny: (c) gas phase, 10.67 kPa of 1-PrOH;
(d) liquid phase 1-PrOH. (SFG data for 1-PrOH oxidation were reported in [21]. Reproduced with
permission from [21]. Copyright 2018 American Chemical Society.).

To better understand the molecular orientation of 1-PrOH on Pt surface in gas and liquid
phases, we performed DFT theoretical calculation to simulate the concentration-dependent 1-PrOH
configurations on Pt(111), which is the dominant surface for Pt nanoparticles used for alcohol
oxidation reactions. More details about DFT calculation, as well as comprehensive results,
can be found in our previous publication [21], while Figure 7 herein shows the minimum energy
configurations of 1-PrOH molecules on Pt(111) surface with a surface molecular coverage of
0.94 molecules/nm?, which represents the gas phase condition, as well as a surface molecular coverage
of 3.75 molecules/nm?, which represents the liquid phase condition. As we can see, under the gas
phase condition, the 1-PrOH molecules were nearly “lying down” on the Pt surface, with the bisectrix
connecting hydroxyl-O and methyl-C forming 6° angle relative to the surface (as shown in Table 1).
Under the liquid phase condition, the 1-PrOH molecules were nearly “standing up” on the Pt surface
with the bisectrix forming 41° angle relative to the surface (as shown in Table 1). These results are
very consistent with the SFG spectral data and well explain the relative peak intensity changes that we
observed for 1-PrOH on Pt thin film in the gas phase versus liquid phase. It should also be noted that,
as shown in Table 1, the distance between the hydrogen atoms from alcohol hydroxyl group in 1-PrOH
and Pt surface under the liquid phase condition was calculated as 0.261 nm, which was 0.056 nm
closer to the Pt surface than the corresponding distance under the gas phase condition, i.e., 0.317 nm.
This indicates that the hydroxyl group, and possibly also the «-H connecting to the same carbon atom
in the 1-PrOH molecule, were much more easily activated /dehydrogenated in the liquid phase than in
the gas phase, well explaining why the activation energy for 1-PrOH oxidation in the liquid phase was
much lower than that in the gas phase.
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Table 1. 1-Propanol molecule orientation as angle of C—C bonds relative to surface normal, and nearest
surface-molecule distance for different concentrations of molecules on Pt(111) surface [21].

Concentration (molecules/nm?) « (°) H,-Pt (nm)
0.94 6 0.317
3.75 41 0.261
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Figure 7. Minimum energy configurations of 1-PrOH molecules on Pt(111) surface for (a) gas phase
(0.94 molecules/nm?2) and (b) liquid phase (3.75 molecules/ nm?2) from DFT calculation (Pt—gray,
C—brown, O—red, H—pink). (DFT results for 1-PrOH oxidation were reported in [21]. Reprinted with
permission from [21]. Copyright 2018 American Chemical Society.).

2.6. Case Study of 2-PrOH Oxidation Using SFG Spectra Analysis on Pt Nanoparticles and DFT Calculation
in Gas Liquid Phases

Similar to the 1-PrOH case, we also performed SFG spectra analysis of 2-PrOH oxidation in both
gas phase and liquid phase on 4 nm Pt nanoparticles, which was more representatively reflective
of the real catalytic reactions that we studied. As shown in Figure 8a, in the gas phase 2-PrOH
oxidation reaction, three noticeable SFG peaks showed up, which could be ascribed to symmetric
stretches of CHj ¢ at ca. 2875 cm ™!, Fermi resonance mode of CHjy ¢, at ca. 2940 em~1, and asymmetric
stretches of CHj 45 at ca. 2970 cm 1. The intensity ratio between asymmetric and symmetric stretches
of -CHj3 was relatively small in this case. Not surprisingly, as shown in Figure 8b, in the liquid
phase 2-PrOH oxidation reaction, all three SFG peaks ascribed to CH3 55, CHj ¢, CH3 o5 showed up,
along with a stretching peak from ~CH group at ca. 2905 cm~!; however, the intensity ratio between
asymmetric and symmetric stretches of -CHj showed significant increase compared to the gas phase
spectrum. These results indicate that the average tilt angle of -CHj group from Pt nanoparticle surface,
0, must have changed from a high value in the gas phase to a low value in the liquid phase, suggesting
a change in the 2-PrOH molecular configurations from “lying down” to “standing up” on Pt surface,
respectively. More detailed discussions about the possibility of 2-PrOH orientation varieties in different
phases determined by SFG experimental data can be found in our previous publication [22].

To further confirm the 2-PrOH molecular configuration on the Pt surface, similarly to the
1-PrOH case, DFT theoretical calculation was also performed in our study. As the nanoparticles
and nanoparticle-molecule complexes were too large for ab initio calculation, we still used the most
dominant Pt(111) surface to investigate the concentration/phase dependence of 2-PrOH molecular
orientations. As shown in Figure 9a, the minimum energy configuration of 2-PrOH molecules on
Pt(111) surface with a low surface coverage of 0.94 molecules/ nm?, which is representative of the gas
phase condition, showed a “lying down” pattern, with both of the C-C bonds forming 86° relative to
the surface normal (Table 2). In contrast, as shown in Figure 9b, the minimum energy configuration of
2-PrOH molecules on the Pt(111) surface with high surface coverage of 3.75 molecules/nm?, which is
representative of the liquid phase condition, showed a “standing up” pattern with one C-C bond
forming 84° and the other forming 38° relative to the surface normal (Table 2). The steric molecular
interaction effect can easily explain this phenomenon, i.e., alcohol molecules are forced to take the
“standing up” position in order to pack more molecules on the Pt surface [22]. As shown in Table 2,
the 2-PrOH molecular orientation change from “lying down” to “standing up” on the Pt surface also
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resulted in the distance change between «-H and the nearest Pt atom, i.e., 0.445 nm in the gas phase
and 0.257 nm in the liquid phase. Obviously, in such cases, much easier cleavage/dehydrogenation
of o-H from o-C (which was considered as the rate-determining step in 2-PrOH oxidation [1]) can
be achieved in the liquid phase than in the gas phase. This is also consistent with the observation
that 2-PrOH oxidation showed much lower activation energy in the liquid phase than that in the gas
phase [22].
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Figure 8. SFG spectra obtained on the surface of 4 nm Pt nanoparticles for 2-PrOH oxidation under
(a) gas phase and (b) liquid phase reaction conditions. (SFG data for 2-PrOH oxidation were reported
in [22]. Reprinted with permission from [22]. Copyright 2014 American Chemical Society.).
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Figure 9. Minimum energy configurations of 2-PrOH molecules on Pt(111) surface for (a) gas phase
(0.94 molecules/nm?) and (b) liquid phase (3.75 molecules/nm?) from DFT calculation (Pt—gray,
C—brown, O—red, H—blue). (DFT results for 2-PrOH oxidation were reported in [22]. Reprinted with
permission from [22]. Copyright 2014 American Chemical Society.).

Table 2. 2-Propanol molecular orientations as angles of C—C bonds relative to surface normal, and
nearest o-H-Pt distances for different concentrations of 2-propanol molecules on Pt(111) surface [22].

Concentration (molecules/nm;) « (°) B© o-H-Pt (nm)
0.94 86 86 0.445
3.75 38 84 0.257

2.7. Case Study of 2-BuOH Oxidation Using SFG Spectra Analysis on Pt Thin Film in Gas Phase: O, and
HO Effect

To better understand the 2-BuOH oxidation reaction in the gas phase, we performed SFG spectra
analysis using various oxygen concentrations as well as added water vapor to see if there was any
influence on the 2-BuOH molecular orientation. As shown in Figure 10a, we first collected the SFG
spectrum under 2-BuOH with Ny, and the peaks ascribed to -CHj3 symmetric stretching mode at ca.
2880 cm ™!, -CHj Fermi resonance mode at ca. 2945 cm ™!, and ~CHj; asymmetric stretching mode at
ca. 2975 ecm ™! could be observed. Based on the SFG results for 1-PrOH, 2-PrOH on the Pt surface,
and judging from the intensity ratio between asymmetric and symmetric stretching mode for 2-BuOH
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case, it can be empirically deduced that the 2-BuOH molecules also had a “lying down” configuration
on the Pt surface in the gas phase. Interestingly, in the presence of oxygen, even at a relatively low
level (O,:2-BuOH = 3:1), a much higher SFG signal for 2-BuOH was observed than that in the presence
of inert N. Further increasing the oxygen content to O:2-BuOH = 10:1 yielded an even higher SFG
signal. These results indicate that with the co-existence of O, in the gas phase, either the 2-BuOH
molecules on Pt surface tended to be more ordered, or much higher surface 2-BuOH molecular density
could be achieved.
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Figure 10. SFG spectra of gas phase 2-BuOH on Pt thin film at 80 °C (a) with varying ratios of oxygen
to alcohol (i.e., Ny only, low O, content with O,:2-BuOH = 3:1, and high O, content with O,:2-BuOH
=10:1), and (b) in the presence of water vapor (i.e., N only, high O, content with O,:2-BuOH = 10:1,
and in the presence of H,O with O,:2-BuOH:H,O = 10:1:0.5).

In order to provide insight into the influence of water vapor on 2-BuOH oxidation on Pt surface
in the gas phase, the SFG spectra were also taken under reaction conditions with and without H,O
addition. As the results shown in Figure 10b indicate, again, the introduction of O, into system resulted
in the sharp increase of SFG peak intensity, but the introduction of water vapor into system seemed to
have little effect on the SFG peaks (even with some increased peak intensity for -CHj ¢ and —CH3 o).
These results well support the catalytic data for the gas-phase 2-BuOH oxidation, in which the addition
of water vapor had minimal effect on the reaction turnover rates. The SFG spectra analysis for 2-BuOH
oxidation on Pt surface in the liquid phase is essential and highly recommended in future study to
provide more information for alcohol oxidation chemistry in both phases at molecular level.

3. Materials and Methods

3.1. Pt Nanoparticle Synthesis and Encapulsation into Mesoporous Silica MCF-17

The Pt nanoparticles with sizes ranging from 2 to 9 nm were synthesized by a polyvinylpyrrolidone
(PVP) assisted polyol process using ethylene glycol as reducing agent. The detailed procedures have been
reported in our previous study [9,19-22]. Transmission electron microscopic (TEM) images showed that
the as-synthesized Pt nanoparticles had narrow particle size distributions, and the high resolution TEM
images with legible lattice fringes indicated that Pt(111) was the most favorable exposed surface.

Mesoporous silica MCF-17 with 20-30 nm pore size was used as support to immobilize the
Pt nanoparticles. The as-synthesized Pt nanoparticles and MCF-17 support were mixed in ethanol
solvent followed by sonication with 40 kHz, 80 W for 2 h. The MCF-17 supported Pt nanoparticles

117



Catalysts 2018, 8, 226

were collected by centrifugation followed by washing with ethanol for three times and drying at
80 °C overnight. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to
determine the amount of Pt nanoparticles encapsulated in MCF-17. A known amount of Pt/MCF-17
catalysts were sonicated in ethanol first for good dispersion and then drop-casted on silica wafers
followed by drying at room temperature for gas phase reactions. A known amount of Pt/MCE-17
catalysts were used, as it was for liquid phase reactions. The calculation of the active site number
was based on the ICP-AES results and the size of the particles for turnover rates (TOF) calculation,
assuming that Pt(111) surface was favorably exposed and every surface Pt atom was active in the
catalytic alcohol oxidation reactions. The way of molecule adsorption on Pt surface, the influence of
organic PVP capping agents and also the interface between Pt nanoparticle and mesoporous SiO,
support was not taken into account for TOF calculation.

3.2. Catalytic Oxidation of Alcohols over Pt/MCF-17 Catalysts in Gas Phase and Liquid Phase

The gas phase alcohol oxidation reactions were performed in a gold-covered batch reactor, and the
temperature of Pt/MCEF-17 catalysts was precisely controlled by a boron nitride heater plate. Usually,
in the typical gas phase reactions, 1.33 kPa of alcohols, 6.67 kPa of O, and 94.66 kPa of He were used,
and the gas was circulated with a metal bellow pump. A gas chromatograph (GC) integrated with
a flame ionization detector (FID) was used to monitor the gas composition online. All the alcohol
conversions were kept under 10% during the data collection to calculate the turnover rates (TOF).
For water effect study in the gas phase, 0.13-1.33 kPa of water vapor was introduced to the reaction
chamber keeping the total pressure still as 102.66 kPa.

The liquid phase alcohol oxidation reactions were carried out in a Teflon-lined stainless-steel
autoclave (Parr reactor, total volume of 100 mL). Usually, 15 mg catalysts were well dispersed in 15 mL
liquid alcohols. The headspace of the reactor (85 mL) was purged and pressurized with O, (100 kPa
for MeOH, EtOH, 1-PrOH, 2-PrOH, and 300 kPa for 2-BuOH) before the reaction started. The system
was then heated to an elevated temperature and kept there for 3 h under continuous stirring. After the
reaction, the mixture was cooled down, and the headspace gas was leaked to the GC-FID through an
evacuated gas chamber for the gas phase product analysis. After the disassembly of the autoclave
reactor, the catalyst was separated with centrifugation and the liquid phase was analyzed with GC-FID
to obtain the liquid phase product information. For water effect study in the liquid phase, the ratio
of H,O in alcohols was adjusted to 0-75 V20 / Viotal % while the total amount of liquid was kept at
15 mL. For low-concentration alcohol oxidation in the liquid phase, heptane was used as a diluter,
and the ratio of alcohols to heptane was controlled at 1:1000.

3.3. SFG Spectral Analysis for 1-PrOH, 2-PrOH and 2-BuOH Oxidation in Gas and Liquid Phases

The SFG spectra taken for in situ catalytic 1-PrOH and 2-BuOH oxidations were carried out on
Pt thin film prepared by electron beam deposition method [21]. The SFG spectra taken for in situ
catalytic 2-PrOH oxidations were carried out on silica embedded 4 nm Pt nanoparticles deposited
by deposition of Langmuir-Blodgett films onto sapphire prisms followed by calcination in air at
550 °C for 3 h [22]. All the SFG experiments were carried out in a system described in our previous
work [32]. An active/passive mode-locked Nd:YAG laser (Continuum Leopard D10, 20 ps, 20 Hz,
1064 nm) was used to pump frequency conversion stages to generate two pulses, a visible pulse
(532 nm, 130 pJ) and a tunable mid-IR pulse (2800 to 3600 cem 1, 200 p). These pulses were overlapped
at 62° (visible) and 45° (mid-IR) on the sample which had been deposited on the bottom of a quartz
prism. Experiments were performed in the ppp polarization combination. The SFG signal was collected
using a photomultiplier tube (PMT) accompanied by a gated integrator to improve the signal quality.
The SFG spectra presented in this study had a resolution of 4 cm~!, and each spectrum involved
the average of at least 100 or 200 samplings to increase the signal-to-noise ratio for spectral analysis.
Using a home-built cell, the surface was heated, and a recirculating mixture of the reaction gases/liquid
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was passed onto the Pt film /Pt nanoparticles. All the SFG spectra were normalized with the reference
spectrum taken with a z-cut quartz.

3.4. DFT Calculation of Molecular Orientation of 1-PrOH and 2-PrOH on Pt Surface in Gas Phase and
Liquid Phase

All geometry optimizations within the frame of DFT were performed with first-principles periodic
system calculations using VASP software package [33]. The projector augmented wave (PAW) method
was utilized to construct the basis set for the one-electron wave functions with plane-wave basis
set limited by the cutoff energy of 400 eV [34]. For the constructed slabs, at least 3 x 3 x 1 (for
1-PrOH) or 5 x 5 x 1 (for 2-PrOH) Monkhorst-Pack k-point grid was used (depending on the
geometrical dimensions). The Pt(111) slabs used were four layers thick and contained a minimum
1.7 nm (for 1-PrOH) or 1.2 nm (for 2-PrOH) vacuum space to exclude surface-surface interaction.
The electronic steps were carried out with the energy convergence of 107> eV while the force
convergence of ionic steps was set to be 5 x 1072 eV/nm. For 1-PrOH, geometry optimization was
performed using the PBE functional including Van der Waals interaction in DF approximation [35,36].
For 2-PrOH, geometry optimization was performed using the Perdew-Wang functional in generalized
gradient approximation (GGA) [37]. The selected two constructed systems corresponded to two
different concentrations of 1-PrOH and 2-PrOH molecules on Pt surface. At a low surface molecular
coverage of 0.94 molecules/ nm?, the next-nearest distance between atoms of different molecules
was more than 0.8 nm. At this separation distance, the alcohol molecules were considered to have
minimal interaction at DFT level of theory. Therefore, we assumed that the corresponding molecular
configuration represented the adsorption of alcohols from the low-pressure gas phase. On the other
hand, the determined concentration of the 1-PrOH and 2-PrOH molecules in the liquid phase was
about 3.94 molecules/nm?, which was very close to the higher modeled surface concentration of
3.75 molecules/nm? that we could call liquid phase condition.

4. Conclusions

C1-C4 alcohol oxidation reactions including MeOH, EtOH, 1-PrOH, 2-PrOH and 2-BuOH in
the gas phase and liquid phase over size-controlled Pt nanoparticles were systematically studied
herein. The catalytic oxidation of alcohols in the gas phase showed much higher turnover rates than
those in the liquid phase under the comparable surface density of reactants. Larger Pt nanoparticles
exhibited higher turnover rates for both gas phase and liquid phase reactions, and in general, the liquid
phase reaction showed very similar or higher selectivity to carbonyl compounds due to less complete
oxidation reaction occurring forming CO, than the gas phase reaction. Interestingly, much lower
apparent activation energy was observed for the alcohol oxidations in the liquid phase than those in the
gas phase. In most cases, co-existing H,O acted as a promoter for the liquid phase alcohol oxidations
(especially for 1-PrOH and 2-PrOH) and as an inhibitor for the gas phase alcohol oxidations; however,
totally the opposite H,O effect was observed for 2-BuOH oxidation compared to other studied alcohols,
which can be explained by hydrophilicity /hydrophobicity change for longer carbon chain alcohols.
SFG spectra analysis suggested that significant change of molecular orientations was present for
1-PrOH and 2-PrOH on the Pt surface in the gas phase and liquid phase, and DFT calculation results
confirmed that the alcohol molecules were mainly “lying down” on the Pt surface in the gas phase
and “standing up” on Pt surface in the liquid phase. This led to totally distinct reaction kinetics and
mechanisms for alcohol oxidations in different phases. SFG spectra analysis also revealed that the
presence of O, could result in more ordered surface species or higher density of alcohol molecules
on Pt surface in the gas phase 2-BuOH oxidation, and H,O did not show an obvious influence on
surface 2-BuOH molecules, explaining well why H,O had little impact on turnover rates in the gas
phase reaction. More systematic SFG spectra analysis and DFT calculation for the liquid phase 2-BuOH
oxidation on Pt surface are necessary in future study.
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