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ABSTRACT

Ag-based catalysts are shown to be efficient for formaldehyde (HCHO) oxidation at low temperature, while the
role of active Ag species in this reaction remains a controversial issue. In this work, we prepared Ag/TiO,
catalysts with TiO, of different crystal structures (anatase or rutile) as supports and tested their performances in
HCHO oxidation. We observed that the crystal structure of the TiO, support had a significant influence on the
activity of the Ag/TiO, catalysts, and Ag/A (anatase) exhibited dramatically superior activity compared with
Ag/R (rutile). More interestingly, we observed a clear inflection point in the HCHO conversion curve for the Ag/
R catalyst. Combining the results of BET, XRD, TEM, XAFS, H,-TPR characterization and DFT calculations, we
show that HCHO oxidation on Ag/TiO, catalysts is a co-function process of multiple active sites including surface
oxygen, Ag,0, and metallic Ag species. The low-temperature non-renewable surface oxygen and Ag,O species
mainly contribute to HCHO oxidation in the low-temperature range, while metallic Ag species are primarily
responsible for the reaction at high temperature since metallic Ag is capable of activation of oxygen at high
temperature. The relative contents of surface oxygen, Ag,0O and metallic Ag species are different on the Ag/A and
Ag/R catalysts. The dispersion degree of metallic Ag species also differs on the Ag/A and Ag/R, therefore their
capacities for oxygen activation are quite dissimilar. The above factors combine to result in distinct catalytic

behaviors for Ag/A and Ag/R in HCHO oxidation, as well as the appearance of an inflection point.

1. Introduction

As one of the primary indoor air contaminants, formaldehyde
(HCHO) has been known to cause adverse human health effects, such as
eye irritation, respiratory illness, immune function impairment, and
even cancer. [1-3] In view of its widespread use, toxicity and volatility,
it is urgent to develop effective technologies for the elimination of in-
door air HCHO. Various approaches, including adsorption [4], photo-
catalytic oxidation [5,6], plasma techniques [7,8], and thermal cata-
lytic oxidation [9], have been investigated and applied for the removal
of HCHO. Among them, thermocatalysis is a particularly promising
technique because it can completely oxidize HCHO into harmless CO,
and H,0 using suitable catalysts with high activity, stability, and reu-
sability. [10,11]

Various types of catalysts have been developed for HCHO oxidation,

mainly classified as supported noble metal (Pt-, [12-17] Pd- [18-24],
Rh- [25,26], Ir- [27], and Au- [28,29]) catalysts and transition-metal
oxide (Co [10,30], Ce [31,32], Cu [33,34], Mn [34-38], etc.) catalysts.
In general, the supported noble metal catalysts exhibit excellent activity
for HCHO oxidation at ambient temperature, whereas their practical
application is limited by the high prices and scarcity of the noble metal
resources. In contrast, the transition-metal oxide catalysts are much
cheaper and more plentiful, but their capacities for oxygen and water
activation are relatively low at low temperature, therefore resulting in
poor activity.

As one of the traditional precious metals, Ag has a much lower price
than other precious metals, and has exhibited considerable efficiency
for HCHO removal in the low temperature range. A recent study re-
ported that 10 % Ag-8 % Mn/Beta-Si catalyst could achieve the full
combustion of HCHO at 45 °C. [39] Therefore, Ag-based catalysts have
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attracted more attention in recent years, and the related study is one of
the current hot topics [40-50]. Qu et al. [41] prepared a series of Ag-
based catalysts on different supports and proposed that metallic Ag
particles with subsurface oxygen in the bulk are more active for the
adsorption and activation of HCHO than other active sites. In addition,
they [42] also tested Ag/SBA-15 catalysts prepared by different
methods, and found that high dispersion of Ag particles with a narrow
size distribution contributes to their high catalytic activity for HCHO
oxidation. Bai et al. [43,46] considered that Ag (111) crystal facets are
active facets in Ag/Co304 and Ag/MnO, for the HCHO oxidation re-
action. Huang et al. [50] reported that the partially oxidized state, Ag®*
(0 < & < 1), and high dispersion of Ag species are beneficial for the
oxidation of HCHO over Ag/TiO, catalysts. Our previous studies
[45,48] concluded that Ag species in the metallic state are favorable for
oxygen activation during HCHO oxidation, and particle size and dis-
persion are also main factors affecting the catalytic performance. Ap-
parently, researchers have different insights into the active sites and the
structure-function relationship on Ag-based catalysts for the catalytic
oxidation of HCHO.

In this study, we prepared 8 wt % Ag/TiO, catalysts with different
TiO, crystal structure (anatase or rutile) supports by a co-impregnation
method and investigated the roles of different Ag species on Ag/A and
Ag/R in HCHO oxidation. Interestingly, we observed the appearance of
an inflection point during the oxidation process. Based on the results of
BET, XRD, TEM, XAFS, H,-TPR characterization and DFT calculations,
we propose that surface oxygen, Ag,0, and metallic Ag species play
their respective roles in HCHO oxidation, and the co-function effect of
multiple active sites results in the different catalytic behaviors of the
Ag/A and Ag/R catalysts and leads to the generation of an inflection
point.

2. Experimental section
2.1. Materials preparation

The 8 wt % Ag/TiO, catalysts with different TiO, crystal structure
(anatase or rutile) supports were prepared by co-impregnation of ana-
tase (Alfa) or rutile (Aladdin) with aqueous AgNO3. After stirring for
1 h, the excess water was removed in a rotary evaporator at 55 °C. Then,
the samples were dried at 100 °C for 4 h and calcined at 450 °C for 3h
afterwards. The as-prepared samples were denoted as Ag/A and Ag/R,
respectively. After the fresh Ag/A and Ag/R were tested, the tested
samples were designated as the Ag/A-spent, Ag/R-spent. The Ag/TiO,-
spent catalysts were next treated in a flow of air (20 % O,) at tem-
peratures of 100 °C, 140 °C and 300 °C, and the treated samples were
named as the Ag/A-spent-100, Ag/A-spent-140, Ag/A-spent-300 and
the Ag/R-spent-100, Ag/R-spent-140, Ag/R-spent-300.

2.2. Material characterization

XRD, N, adsorption — desorption analysis, TEM, and XAFS experi-
ments were carried out according to our previous work [48].

H, temperature-programmed reduction (H,-TPR) was performed in
a Micromeritics AutoChem II 2920 apparatus, equipped with a com-
puter-controlled CryoCooler and a thermal conductivity detector (TCD).
The reduction profiles were obtained by passing a flow of 10 % H,/Ar at
a rate of 50mLmin ~' (STP) through the sample (weight around
50 mg). The temperature was increased from 30 to 350 °C at a rate of
10°Cmin ~ 1.

2.3. DFT calculation methods
Geometry optimization and energy calculations were carried out
using the Vienna Ab-initio Simulation Package (VASP 5.4.1) [51]. The

projected augmented-wave (PAW) [52,53] method was employed to
describe the interactions between ions and electrons. The wave
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functions and exchange-correlation function were elucidated by a plane
wave basis set and PBE generalized gradient approximation [54], re-
spectively. The cutoff energy for the plane-waves was set to 400 eV. The
Brillouin zone was sampled using 3 X 3 X 1 and 3 X 2 X 1 k point
Monkhorst-Pack grids for anatase (101) and rutile (110), respectively,
during the surface and adsorption geometry optimization. The Gaussian
smearing method with a smearing width of 0.2 eV was employed to
accelerate the convergence of integration at the Brillouin zone. A1 x 3
supercell with three TiO, layers was built for the anatase (101) surface,
and a 3 X 2 supercell with three TiO, layers was built for the rutile
(110) surface. A vacuum layer of 15 A between adjacent slabs was in-
cluded to reduce the interaction energy between slabs. In the compu-
tation, the bottom two layers of the slab were fixed and the top three
layers and Ags cluster were fully relaxed until the forces on each atom
were less than 0.02 eV/A. The static calculation of the O, decomposi-
tion reaction on two catalyst surfaces was carried out at 273 K. The
minimum energy path of the O, dissociation reaction pathway was
calculated via the climbing image nudged elastic band (CI-NEB) method
with a 0.05eV A~ force converged threshold.

The adsorption energies (E,qs) of the Ags cluster on the surface were
calculated as:

Eads = Eslabfx'(Eslab + Ex)

where Eg,p,, Ex and Eg.p, refer to the energy of the anatase (101)
surface or rutile (110) surface model, Ags in the gaseous phase, and the
anatase-Ags/rutile-Ags supersystem. According to the above equation,
negative values of E,4s indicate an exothermic reaction and positive
values indicate that adsorption does not occur.

2.4. Activity test for HCHO oxidation

The activity tests for the catalytic oxidation of HCHO over the cat-
alysts (60 mg) were performed in a fixed-bed quartz flow reactor with
feed gas composed of 130 ppm of HCHO, 20 % O,, with or without 35 %
relative humidity (RH), and helium balance; the total flow rate was
100mL min~?!, corresponding to a weight hourly space velocity
(WHSV) of 100, 000 mL/ (g, h). Gaseous HCHO was obtained by
flowing helium through a paraformaldehyde container in a water bath,
and the concentration of inlet HCHO was controlled by adjusting the
temperature of the water bath. [48] Similarly, Water vapor was gen-
erated by flowing helium through a water bubbler at 25 °C, and the
relative humidity in the reaction atmosphere was controlled by ad-
justing the flow rate of the purging helium and measured by a hygro-
meter. For the Ag/A catalyst, the residence time for each temperature
point was 1 h, except for 35 °C, for which the time was 1.5 h. The hold
time at each temperature was 1.5h for 35, 95, 110, 125, 140, 155°C
and 1h for 65, 170, 185, 215, 245 °C for the Ag/R catalyst. Analysis of
inlet and outlet gases and the carbon balance calculation were per-
formed according to our previous study [12]. For cycling testing, both
Ag/A and Ag/R catalysts were tested 5 times in the absence of water
vapor. The first and second tests were for fresh and spent catalysts,
respectively, and the spent catalysts were re-oxygenated before the
subsequent three tests with processing temperatures of 100 °C, 140 °C,
and 300 °C.

3. Results
3.1. Activity test

The performances of the Ag/A and Ag/R catalysts together with
pure anatase and rutile supports for HCHO oxidation are presented in
Fig. 1 and Fig S1. As shown in Fig S1, both of pure anatase and rutile
supports showed rather poor activities in the test temperature range.
Whereas, the crystal structure of the TiO, support had a remarkable
influence on the activity of the Ag/TiO, catalysts, and the Ag/A catalyst
exhibited much superior activity compared to the Ag/R catalyst (shown
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Fig. 1. a) HCHO conversion over fresh and spent Ag/A and Ag/R catalysts, and
the change tendency of HCHO conversion with temperature and time-on-stream
on b) Ag/A-fresh catalyst, and c¢) Ag/R-fresh catalyst. Reaction conditions:
130 ppm of HCHO, 20 % O,, He balance, WHSV 100 000 mL/(g.a: h).

in Fig. 1a). Complete HCHO conversion (100 %) was reached at 125 °C
for the fresh Ag/A catalyst at the space velocity of
WHSV = 100,000 mL/(gcs¢ h). In contrast, HCHO could not be com-
pletely removed until 215 °C on the fresh Ag/R catalyst under the same
conditions. Interestingly, we also observed an inflection point in the
curve of HCHO conversion on the fresh Ag/R catalyst. In the range of
35°C-125°C, the HCHO conversion on the Ag/R catalyst gradually
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increased with temperature, and 85 % of HCHO could be removed at
125 °C. Subsequently, when the temperature rose from 125 °C to 155 °C,
the HCHO removal efficiency sharply decreased and dropped to only 29
% at 155°C. Afterwards, the HCHO conversion was improved once
again with the further increment of temperature above 155 °C, until
130 ppm of HCHO was completely eliminated at around 215 °C.

We also analyzed the change tendency of HCHO conversion with
temperature and time-on-stream. As shown in Fig. 1b and c, at certain
temperatures, the HCHO conversion on both the Ag/A-fresh and Ag/R-
fresh catalysts continuously changed with time-on-stream and could not
reach a steady state. In particular, Ag/R-fresh demonstrated drastic
changes in HCHO conversion during the test periods, and a sharp drop
in HCHO conversion with time was clearly observed at around 150 °C.
The decreasing tendency of HCHO conversions on Ag/TiO,-fresh may
be due to the accumulation of intermediate species [50] or the changes
of active species on catalyst surface. Dioxymethylene (DOM) and HCOO
species are two key intermediates in HCHO oxidation, and these two
species are mainly adsorbed on the TiO, surface [15,27,55-57]. It is
shown that the formation and transformation of intermediate species
greatly depend on the content and reactivity of active species. Hence,
the changes of active species should be the essential reason for the
activity fluctuations and the appearance of inflection point on Ag/TiO,
catalysts. We subsequently conducted a second testing of the spent Ag/
A and Ag/R catalysts. As shown in Fig. la, the Ag/A-spent showed a
slight decrease in activity compared with the fresh Ag/A catalyst, but
still reached 90 % HCHO conversion at 125 °C. In contrast, the Ag/R-
spent catalyst almost completely lost its activity for HCHO oxidation at
temperatures below 125°C and the inflection point also disappeared;
however, it had very similar activity to the fresh Ag/R catalyst at higher
temperature (> 150 °C).

We next treated the spent Ag/A and Ag/R catalysts in a flow of air
(20 % O,) at temperatures of 100 °C, 140 °C and 300 °C, respectively.
The treated catalysts were next tested for HCHO oxidation, and the test
results are shown in Fig. 2. The O, treatment at 100 °C had no influence
on Ag/A-spent, and the activity of Ag/A-spent-100 was almost the same
as that of Ag/A-spent (Fig. 2a). When the treatment temperature was
increased to 140 °C, the activity of Ag/A-spent-140 was clearly im-
proved, and was close to that of fresh Ag/A catalyst. After the treatment
at 300 °C, the activity of Ag/A-spent-300 was completely recovered
back to that of the fresh Ag/A catalyst. As shown in Fig. 2b, after
oxygen treatment at 100 °C, the Ag/R-spent-100 catalyst still remained
inactive at low-temperature range and no inflection point appeared.
The treatment at 140 °C significantly increased the HCHO removal
performance of the Ag/R-spent-140 catalyst and the inflection point
also appeared again. The treatment at 300 °C also totally re-activated
the Ag/R-spent to the level of the fresh Ag/R catalyst.

These results above indicate that the active sites or active species
responsible for HCHO oxidation may be different in the low and high
temperature ranges on Ag/TiO, catalysts (especially for Ag/R). The
activity test for fresh samples consumes the active oxygen species re-
sponsible for HCHO oxidation in the low-temperature range, therefore
resulting in a decrease in the activity of the spent sample and the dis-
appearance of the inflection point. However, the testing had no obvious
influence on the active oxygen species contributing to HCHO oxidation
at high temperature. The O, treatment at high temperature (300 °C)
could restore the active oxygen species for low-temperature HCHO
oxidation, therefore reproducing their catalytic behavior.

We also tested the Ag/A and Ag/R catalysts in the presence of water
vapor. As shown in Fig S2, two catalysts both behaved differently in RH
35 % than in dry reaction atmosphere. The activity of Ag/A was se-
verely suppressed by water vapor in the entire temperature range. The
performance of Ag/R fluctuated in the low-temperature range, while it
remained almost unchanged at high temperature. Notably, an inflection
point still clearly appeared on Ag/R catalyst. Water vapor can compete
with HCHO for adsorption on surface, and also it can be activated by Ag
to form surface OH groups participating in HCHO oxidation [43,48]
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Fig. 2. HCHO conversion over O,-treated Ag/TiO»-spent catalysts a) Ag/A, and
b) Ag/R. Reaction conditions: 130 ppm of HCHO, 20 % O,, He balance, WHSV
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Hence, the changes in activities of Ag/A and Ag/R should be due to the
dual function of water vapor. In view of the complexity of water in-
fluence on activity, we here mainly focus on the performances of the
catalysts in the absence of water vapor, and discuss the influence of
oxygen species on activity separately.

3.2. Structural features and chemical states of catalysts

In order to explain the reasons for the different catalytic behaviors
of the Ag/A and Ag/R catalysts, and also the appearance of an inflection
point during the testing of Ag/R, the catalysts were next carefully
characterized. BET measurements were conducted to examine the
physical properties of the samples. The specific surface areas, pore sizes
and pore volumes of the anatase, Ag/A, rutile and Ag/R samples are
summarized in Table 1. The specific surface areas of the pure anatase
and rutile supports were 86.1 m?/g and 26.9 m?/g, respectively. After 8
% Ag was loaded, the surface areas of Ag/A and Ag/R samples

Table 1
Physical Parameters of anatase, Ag/A, rutile and Ag/R samples.

Samples Sper (M?/g) Pore volume (ml/g) Pore diameter (nm)
Anatase 86.1 0.48 20.0
Ag/A 35.3 0.30 27.4
Rutile 26.9 0.14 25.4

Ag/R 20.0 0.12 26.8
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Fig. 3. XRD patterns of anatase, Ag/A, rutile and Ag/R samples.

decreased to 35.3m?/g and 20.0 m?/g. The specific surface area of Ag/
A was about 1.5 times higher than that of the Ag/R catalyst, and the
larger specific surface area of Ag/A should be more favorable for the
dispersion of Ag species and the adsorption of HCHO.

XRD measurements were carried out to investigate the crystal
structures of the samples, and the results of TiO, supports and fresh
samples are shown in Fig. 3. The intense peaks at the characteristic
angles of TiO, for the anatase (JCPDS 21-1272) and rutile (JCPDS
21-1276) structures indicated the dominant contents of the respective
supports. The XRD pattern of the Ag/A catalyst only exhibited the
diffraction peaks of the anatase support and no Ag species (Ag°, Ag,0)
were observed, indicating that Ag species were well dispersed on ana-
tase. In contrast, after Ag was loaded on the rutile support, the (111),
(200), (220) and (311) reflections of crystalline metallic Ag (JCPDS
65-2871), corresponding to 38.1°, 44.3°, 64.4° and 77.5° (20),
[41,45,58] were observed, indicating that the crystallinity of metallic
Ag species on rutile was much higher than that on anatase. Thus, we
speculated that Ag with much larger particle size or greater amounts of
metallic Ag species existed on Ag/R compared with the Ag/A catalyst.
The XRD patterns of the spent catalysts were also characterized and
shown in Fig S3. After activity tests, the diffraction peaks of Ag® species
appeared on Ag/A-spent catalyst, demonstrating the agglomeration of
Ag® particles and the reduction of Ag,O species on the fresh Ag/A
during HCHO oxidation process. In contrast, the crystallinity of metallic
Ag on the Ag/R-spent did not change obviously, indicating that the
particle sizes of Ag species were basically the same as the fresh one.

We next implemented TEM and XAFS measurements to investigate
the particle size distribution and chemical states of Ag species on the
Ag/A and Ag/R catalysts. Fig. 4 and Fig S4 present the TEM images of
the fresh and spent Ag/A and Ag/R samples and the inset histograms
are the statistical results from 350 particles. As shown in Fig. 4a, Ag
species on the Ag/A catalyst mainly existed in the form of small par-
ticles and showed good dispersion. From the results of particle size
statistics, the sizes of Ag particles on Ag/A were primarily below 4 nm,
with an average diameter of 2.9 nm. After activity test, the average
diameter of Ag particles increased up to 3.8 nm on the Ag/A-spent
catalyst (Fig S4a). For the Ag/R catalyst (Fig. 4b), significant agglom-
eration of Ag species could be observed. The Ag particles displayed a
wider distribution on the Ag/R catalyst, and the average particle size of
Ag species reached 4.5nm. HCHO oxidation process did not sig-
nificantly affect the average particle size of Ag species on the Ag/R
catalyst (Fig S4b). The TEM results are consistent with the results of
BET and XRD.

Fig. 5 shows the Ag — K XANES of Ag/A and Ag/R catalysts, AgNOs3,
and Ag foil. According to the positions of the white line, we can clearly
see that the Ag — K absorption edges of both Ag/A and Ag/R samples
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Fig. 5. Normalized Ag — K XANES for Ag/A and Ag/R catalysts.

Table 2

LC-XANES fits of Ag-K in Ag/A and Ag/R catalysts.
Samples Ag° (%) Ag™ (%)
Ag/A 15.3 84.7
Ag/R 61.9 38.1

were located between those of Ag foil and AgNO3, indicating that Ag
species on both the Ag/A and Ag/R samples existed in a mixed state
with partial metallic and partial oxidized state. In addition, the ab-
sorption edge of Ag/A was closer to that of AgNO3, while that of Ag/R
was nearer to Ag foil. We further performed (linear combination) LC-
XANES fits for the samples to determine the contents of Ag species with
different valences. Based on a principal component analysis, we chose
Ag foil, Ag>0 and AgNO; as model compounds. The fitting results are
summarized in Table 2, and the fitted figures are shown in Fig S5. The
proportions of metallic Ag in Ag/A and Ag/R samples were 15.3 % and
61.9 %, respectively, demonstrating that the Ag species were mainly in
the oxidized state on Ag/A catalyst, while metallic Ag was dominant on
the Ag/R sample.

3.3. Reducibility of catalysts

H,-TPR experiments were next conducted to investigate the re-
ducibility of the catalysts, and the TPR profiles of the fresh and spent

D,=4.5nm

o
0 2 4 6 8 10 12 14 16 18
Diameter (nm)

20.0nm

distributions of Ag/A (a) and Ag/R (b) catalysts.

(after HCHO activity test) Ag/A and Ag/R catalysts are shown in
Fig. 6a. The overlapped H, reduction peaks on the fresh Ag/A catalyst
were deconvoluted into several sub-bands by searching for the optimal
combination of Gaussian bands with correlation coefficients (r2) above
0.99 and without fixing the sub-band positions (PeakFit software
package, Version 4.12, SeaSolve Software Inc.). The profiles of the fresh
Ag/A sample showed three reduction peaks at 63, 112 and 256 °C,
which were ascribed to the reduction of oxygen species adsorbed on the
surface on dispersed metallic Ag, large Ag,O clusters, and small Ag,0O
clusters, respectively, [45,59] revealing the co-existance of diverse Ag
species on the fresh Ag/A catalyst. Nevertheless, only one H, con-
sumption peak at 63 °C was clearly observed on the fresh Ag/R catalyst,
and this peak was also due to the reduction of surface oxygen adsorbed
on metallic Ag. The absence of H, consumption peaks corresponding to
Ag-0 species on Ag/R demonstrates that the amount of Ag oxides on
Ag/R is much lower than that on Ag/A, which is consistent with the LC-
XANES fitting results. The H, consumption amount related to the peaks
at 63 °C on Ag/A and Ag/R catalysts were next calculated and presented
in Table 3. Clearly, the H, consumption amount for Ag/A (56.1 umol/g)
was significantly higher than that for Ag/R (26.1 pmol/g), indicating
that there were more surface oxygen species on Ag/A. Combined with
the XANES and LC-XANES fitting results, Ag/A had less metallic Ag but
more surface chemisorbed oxygen than Ag/R, which might be ascribed
to the synergistic effect of the number of Ag sites, Ag particle size, and
the capacity of metallic Ag for oxygen activation. The BET, XRD and
TEM results show that the anatase support had a larger specific surface
area than rutile, which is favorable for the dispersion of Ag species, thus
resulting in more Ag sites with smaller particle sizes. As with the lit-
eratures on the catalysis of Ag species, the small-sized Ag particles have
the stronger oxygen activation ability. [60] In addition, considering the
differences in interaction between Ag and the different supports, the
capacities of Ag particles with the same size for oxygen activation might
also be different on the anatase and rutile supports.

As for both Ag/A-spent and Ag/R-spent catalysts, no H, consump-
tion peaks for surface oxygen appeared, indicating that the surface
oxygen species on metallic Ag were depleted in the HCHO oxidation
reaction and could not be regenerated during cooling down to room
temperature in a flow of O, + HCHO + He after testing. In contrast,
two H, consumption peaks corresponding to large and small Ag,O
clusters were still observed on the Ag/A-spent catalyst, but these two
peaks moved to higher temperatures, from 112, 256 °C to 139, 283 °C,
respectively. We therefore believe that Ag,O species participated in the
oxidation reaction of HCHO. The Ag,O species on the fresh sample were
reduced during the reaction and coalesced into metallic Ag species, and
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Fig. 6. H,-TPR profiles of a) fresh and spent Ag/A and Ag/R catalysts, and b) Ag/A-spent and Ag/R-spent catalysts treated with 20 % O, at different temperatures.

Table 3
H, consumption of Ag/A and Ag/R catalysts in H,-TPR at 63 °C.

Samples H, consumption in H,-TPR at 63 °C (umol/g)
Ag/A 56.1
Ag/R 26.1

these metallic Ag species could be partially oxidized during the cooling
process, re-forming Ag,0 species with smaller particle size on the Ag/A-
spent catalyst.

The spent Ag/A and Ag/R catalysts were treated with 20 % O, at
100 °C, 140 °C, and 300 °C, and H,-TPR experiments were next carried
out on the treated samples. As shown in Fig. 6b, the O, treatment at
100 °C had no obvious influence on the reducibility of the Ag/A-spent
and Ag/R-spent catalysts, and their H, consumption profiles were si-
milar to those before treatment, indicating that metallic Ag on Ag/A
and Ag/R catalysts still could not activate oxygen at 100 °C. When the
treatment temperature was increased to 140 °C, the peak for surface
oxygen species was almost recovered on the Ag/A-spent catalyst, but
was still very weak on the Ag/R-spent sample, demonstrating that the
metallic Ag on Ag/A had better capacity for oxygen activation at 140 °C
than the metallic Ag on Ag/R. Besides, the reduction peaks for Ag,O
particles on the Ag/A catalyst shifted back to their original tempera-
tures, indicating that the Ag,O species were restored to its initial state.
After the 300 °C oxygen treatment, both Ag/A-spent and Ag/R-spent
catalysts exhibited the same TPR profiles as their fresh counterparts,
revealing that both surface oxygen species and Ag,O species were to-
tally recovered.

Combined with the activity test results, it is clear that surface
oxygen, metallic Ag and Ag,O species all play their respective roles in
HCHO oxidation. Specifically, the non-renewable surface chemisorbed
oxygen and Ag,O species contribute to HCHO oxidation at low tem-
perature, and the metallic Ag species are responsible for the reaction at
high temperature. For the fresh Ag/A catalyst, there are more chemi-
sorbed oxygen and Ag,O species on the surface, thereby providing high
catalytic performance and also guaranteeing the smooth progress of
HCHO oxidation in the low-temperature range. When the reaction
temperature reaches 140 °C, the metallic Ag can effectively activate

oxygen species, thus ensuring the continuity of the reaction. In contrast,
there is only a relatively small amount of low-temperature non-re-
newable surface oxygen and Ag,O species on the Ag/R catalyst. After
the surface oxygen species are quickly consumed and the Ag,O species
are completely reduced, HCHO oxidation depends only on the activa-
tion of the oxygen on metallic Ag species. When the metallic Ag species
on the Ag/R catalyst cannot activate oxygen at certain temperatures,
the HCHO conversion will decrease until the metallic Ag has sufficient
capacity to activate oxygen, therefore resulting in the appearance of an
inflection.

For the spent Ag/TiO, catalysts, the surface oxygen species were
depleted, and the oxygen supply capacity of Ag,O species became
worse due to the reduction of Ag,O species, thus resulting in the drop of
low-temperature activities. Besides, the high-temperature activity of
Ag/A-spent catalyst also showed a slight decrease because of the in-
crease of metallic Ag particles size. The average Ag particle size on Ag/
R-spent catalyst did not change apparently and the high-temperature
activity of Ag/R-spent remained. With 20 % O, treatment at 140 °C, the
HCHO oxidation performance of Ag/A-spent-140 catalyst was close to
that of the fresh one since the surface oxygen, Ag,O and the ability of
Ag® to activate oxygen were almost totally recovered. The low-tem-
perature activity of the Ag/R-spent-140 catalyst was also distinctly
improved on account of the partial recovery of surface oxygen and
Ag>0. When the O, treatment temperature rose to 300 °C, the surface
oxygen and Ag,O species on both Ag/A-spent and Ag/R-spent catalysts
are restored, and their performances for HCHO oxidation is comparable
to that of the fresh Ag/A and Ag/R catalysts, showing the excellent
recyclability of the two catalysts.

3.4. DFT calculations

DFT calculations were next conducted to investigate the adsorption
and activation of O, on the metallic Ag species on the Ag/A and Ag/R
catalysts. According to the TEM images, the average particle sizes of Ag
species on Ag/A and Ag/R were 2.9 nm and 4.5 nm, respectively. These
nanoscale Ag particles, as reported in the literature, [61] contain
thousands of Ag atoms. Besides, the size distribution of Ag particles was
also much different between Ag/A and Ag/R catalysts. Hence, the
computational model was simplified, and Ags/A and Ags/R models
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Fig. 7. Optimized stable structures of Ags cluster adsorption on a) anatase and b) rutile surface, and O, adsorption on c) Ags/A and d) Ags/R interface.

were selected for calculations. Specifically, we optimized two Ags
clusters (in planar and nonplanar form, C,,) in the gas phase and then
adsorbed them on the stoichiometric anatase (101) and rutile (110)
surfaces, and their optimized stable structures are illustrated in Fig. 7a
and b. The Ags cluster configurations were different in the Ags/A and
Ags/R systems. The adsorption energy of Ags clusters on anatase and
rutile was -1.74 eV and -2.94 eV, respectively, indicating that the Ags
cluster bonded more strongly on rutile (110) than on the anatase (101)
surface. Then, the corresponding stable binding structures and ad-
sorption energies of O, on Ags/A and Ags/R were calculated and dis-
played in Fig. 7c and 7d. The five-coordinated surface Ti atoms (Tis.)
participated in the adsorption of O,, and the two interfacial Ag sites
near the surface Tis. atoms would be also the adsorption sites for an-
choring O,. That is, one oxygen atom in O, was bonded to a surface Tis
atom while the other oxygen atom was linked to two Ag atoms. The
interaction between O, and Ags/A (101) was stronger than that be-
tween O, and Ags/R (110). Fig. 8 shows the dissociation processes of O,
on the optimized Ags/A and Ags/R surfaces. We could see that O,
dissociation processes at the interfacial sites were thermodynamically
favorable, evidenced by their exothermic characteristics (more than
0.86 eV). Moreover, since the energy barrier for the dissociation process
on the Ags/A (101) interface (E, =0.29 eV) was much lower than that
on the Ags/R (110) interface (E, =0.52 eV), the O, activation at Ags/A
(101) would be kinetically preferable compared to that of Ags/R (110),
suggesting that Ags/A (101) has a higher capacity for oxygen activation
than Ags/R (110). These results are fully consistent with the testing
performance and H,-TPR results.

4. Discussion

The activity test results show that the crystal structure of the TiO,
support has a remarkable influence on the activity of the Ag/TiO,
catalysts for HCHO oxidation. The Ag/A catalyst demonstrates much

superior performance compared with the Ag/R catalyst. Additionally,
fluctuations in HCHO conversion profiles are observed at certain tem-
peratures on both of Ag/A and Ag/R catalysts, and an especially clear
inflection point appears for the Ag/R catalyst. The different catalytic
behaviors of Ag/A and Ag/R catalysts are closely related to the valence
state, relative contents in different valence states and dispersion of Ag
species.

The XAFS results and H,-TPR profiles of fresh Ag/TiO, catalysts
show that there are less metallic Ag species, but more amounts of Ag,O
species and more chemisorbed oxygen on the surface of the Ag/A cat-
alyst compared with those on the Ag/R catalyst. The TPR results of Ag/
TiOs-spent and Ag/TiO,-spent-100 catalysts clearly show that the sur-
face oxygen and Ag,O species participate in HCHO oxidation in the
low-temperature range, since the metallic Ag was not capable of O,
activation at low temperature, indicating that the superior catalytic
performance of the Ag/A catalyst at low temperature should be due to
the abundant non-renewable surface oxygen and Ag,O species on the
Ag/A surface.

The BET, XRD and TEM results show that the Ag/A catalyst has a
larger specific surface area than the Ag/R catalyst, and therefore is
more favorable for the dispersion of Ag species. The Ag/A catalyst
contains more active Ag sites with smaller particle sizes and a narrower
particle size distribution compared with the Ag/R catalyst. The high
dispersion and narrow distribution of Ag particle size on Ag/A is greatly
beneficial for HCHO oxidation. [42] Apart from this, DFT calculations
further confirm that metallic Ag species with the same particle size have
a stronger oxygen activation capacity on anatase than on rutile. The
large number of metallic Ag sites on Ag/A and the high ability of me-
tallic Ag to activate oxygen lead to the superior performance of the Ag/
A catalyst for HCHO oxidation in the middle- and high-temperature
ranges. In contrast, the small number of metallic Ag sites on Ag/R and
its low ability to activate oxygen result in its poor performance for
HCHO conversion compared with Ag/A.
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surface.

Based on the above analysis, we believe that the HCHO oxidation
reaction on Ag/TiO, catalysts is a co-function process involving mul-
tiple active sites. The non-renewable surface oxygen and Ag,O species
are the main active species for HCHO oxidation at low temperature,
while the metallic Ag species are the main active sites at high tem-
perature. The abundant surface oxygen and Ag,O species coupled with
the high capacity of metallic Ag species for oxygen activation con-
tribute to the excellent activity of the Ag/A catalyst for HCHO oxida-
tion. The small amount of chemisorbed surface oxygen and Ag,O spe-
cies as well as insufficient oxygen activation ability of metallic Ag on
the Ag/R catalyst induce a supply dilemma for active oxygen species
during the period of surface oxygen depletion, and eventually leading
to a sharp drop in HCHO conversion and the appearance of an inflection
point in the middle temperature range.

5. Conclusions

In summary, this work demonstrates that the crystal structure of the
TiO, support has a great influence on the activity of Ag/TiO, catalysts
for HCHO oxidation, and the Ag/A catalyst exhibits much superior
activity compared to the Ag/R catalyst. We reveal that HCHO oxidation
on Ag/TiO, catalysts is a co-function process involving multiple active
sites, and surface chemisorbed oxygen, Ag,0, and metallic Ag species
all play important roles in the reaction: non-renewable surface oxygen
and Ag,0 species account for the supply of active oxygen species for
HCHO conversion in the low-temperature regime, while metallic Ag
species are responsible for the activation of oxygen in the high-tem-
perature range. The differences in relative contents and capacities of
active species for oxygen activation lead to the different catalytic

Applied Catalysis B: Environmental 282 (2021) 119543

behaviors of the Ag/A and Ag/R catalysts in HCHO oxidation, espe-
cially the occurrence of the inflection point on Ag/R.
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