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Accepted 27 April 2021 formaldehyde catalytic oxidation. However, its effect on activity is still ambiguous. Non-thermal
Auvailable online plasma and conventional calcination were employed to regulate Ag valence state in this study.
Three Ag-Co/CeO; catalysts with totally different distribution of Ag species were obtained. A
Keywords: special mixed Ag valence state, ~50% Ag’* with a few Ag’ and Ag*, was achieved by plasma
Ag valence activation. It had the merits of both good activity and stability. A close relationship between Ag
Non-thermal plasma valence state and the activity for HCHO oxidation was established. The activity of different Ag
HCHO species follows the order: Ag™ + Ag® + Ag* > Ag”™ > Ag® > Ag’.
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Ag valence state was regulated by plasma activation for complete oxidation of formaldehyde. A close relationship between Ag

valence state and the activity for HCHO oxidation was established, and the activity of different Ag species follows the order: Ag‘S+ +
0 + 5+ 0 +

Ag +Ag >Ag >Ag >Ag.
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Formaldehyde is an important air pollutant with strong irritating smell and mainly comes from decorating materials [1-3]. It
has serious adverse effects on human health due to its carcinogenic and teratogenic characteristics. It also causes edema, eye
irritation, headaches and allergic dermatitis. Therefore, its removal is essential to protect human health and meet environmental
regulations. Complete catalytic oxidation of formaldehyde is an attractive technology because of its high effectiveness in
achieving total conversion of formaldehyde into harmless carbon dioxide and water directly. Supported noble metal catalyst
attracts much attention because of its excellent low-temperature activity for HCHO oxidation [4-9]. Among them, Ag has a much
lower price than others, which implies the wild application prospects. However, its activity for HCHO oxidation was poorer. The
lowest temperature of 45°C for HCHO complete oxidation was reported recently [10], suggesting Ag-based catalyst has a
considerable potential for HCHO removal in the low temperature range or even at room temperature. Therefore, Ag-based
catalyst for HCHO oxidation in low temperature becomes one of the current hot topics.

The valence state of Ag is one of the key roles in catalytic oxidation of formaldehyde and relates to the catalytic activity
directly. However, it is still ambiguous to identify which one predominates the activity. Metallic Ag is often considered to be
favorable for oxygen activation and contributes to good activity for HCHO oxidation [11-15]. Ag* was also proved to dominate the
activity [16, 17]. Chen et. al. [18] suggested the effects of metallic Ag and Ag" could be distinguished in different temperature
ranges. Metallic Ag was primarily responsible for HCHO oxidation at temperature over 140 °C, while Ag,0 species contributed to
HCHO oxidation in the temperature below 140 °C. However, both metallic Ag and Ag" were reported to achieve complete
oxidation of formaldehyde at temperature below 80 °C [10]. In addition, a partially oxidized Ag species, Ag5+ (0<6<1), was
suggested to contribute a better activity compared with metallic Ag [19-21]. In this context, the effect of Ag valence state on the
activity for HCHO oxidation is still unclear and requires deep investigation.

In order to verify the relationship between Ag valence state and the activity for HCHO oxidation, non-thermal plasma and
conventional calcination were employed to activate Ag-based catalyst in this study. Non-thermal plasma consists of electrons,
ions, molecules, radicals, photons, and excited species, which are all active species for catalyst preparation and treatment. It
allows the production of structures and induce processes at surfaces more efficiently in a more controlled way, in comparison
with traditional thermal method [22-24]. It worked as an efficient method for Pd-based catalyst activation in our previous work
[25, 26]. In this work, conventional calcination, oxygen and hydrogen plasma were employed to achieve catalysts with different Ag
valence state. The effect of Ag valence state on HCHO catalytic oxidation activity and stability were discussed. A close relationship
between the Ag valence state and HCHO catalytic oxidation activity was established. Various characterizations were applied to

investigate the properties of Ag-based catalysts.
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Fig. 1. HCHO conversion to CO, over Ag-Co/CeO; catalysts with time on stream.

The activity of Ag-Co/CeO, catalyst for HCHO complete oxidation was evaluated. The only product is CO,, suggesting the
complete oxidation of HCHO to CO, could be achieved over Ag- Co/CeO, catalyst. The variation of HCHO conversion to CO, with
time on stream at reaction temperature of 130 °Cis illustrated in Fig. 1. The HCHO conversion of conventional calcined (C500),
hydrogen (HP) and oxygen (OP) plasma activated samples exhibited totally different tendencies with time. C500 sample had a low
but stable activity except the initial quick jump. It attained an initial conversion of 17% and a stabilized conversion of only 5%.
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Plasma activated HP and OP samples exhibited much higher activities than C500. HP sample possessed the merits of both good
stability and high activity. Its HCHO conversion reached 69% quickly and kept at around 74% for 9 h. OP sample suffered an
activation process before reaching stable. It obtained an initial conversion of 59%, then underwent a 4 h activation process to
reach 100% conversion and finally maintained at over 96% for 6 h. The HCHO conversions exhibited the same tendency with time
on stream for each sample in the whole temperature range of 120-150 °C, as shown in Fig. S1 (Supporting information). The
activation process for OP sample could be accelerated as temperature lifted. That was over 10 h at reaction temperature of 120
°C and could be shortened to half hour with temperature increasing to 150 °C.

For HP, OP and C500 catalysts, the BET surface area exhibited no obvious changes, as shown in Fig. S2 (Supporting
information). The diffraction patterns of Co;0, are observed from X-ray diffraction patterns (XRD), as shown in Fig. S3 (Supporting
information). This indicates the Co3;0,4 could be formed after both plasma activation and calcination. Those peaks intensities of HP
and OP samples are much weaker than C500, implying poor crystallinity of plasma activated samples. However, no diffraction
peaks corresponding to Ag species could be distinguished for all samples. Ag and Co could be easily distinguished at the catalyst
surface from HRTEM images for all catalysts, as shown in Fig. S4 (Supporting information).

Fig. S5 (Supporting information) displays the Raman spectra of Ag-Co/CeO, catalysts. For fresh sample, only two peaks are
observed. The strong bond at 461 cm™t corresponds to the fluorite F,, mode of ceria. The peak at 1043 cm'is due to the
presence of nitrate ions [27]. This suggests the existence of silver and cobalt nitrates after impregnation since no further
calcination or reduction process was conducted. The nitrate peak disappeared completely for HP and C500 samples. While it still
existed along with a declination of intensity for OP sample, indicating the incomplete decomposition of nitrate species. After both
plasma activation and calcination, four new peaks occurred. The peaks at 483, 524 and 689 cm™ correspond to the E,, Fyzand Ay,
symmetries of Co;0,, respectively [11,28]. This implies the formation of Co;0,4, which is consistent with XRD result. The band at
557 cm ™" could be attributed to the formation of oxygen vacancy after plasma activation and calcination [29, 30].

Fig. S6 (Supporting information) shows the IR spectra of CeO, and Ag-Co/CeO, catalysts. Four intense bands in the 1000-
1800 cm™* region are observed on ceria surface. The bands at 1065 and 1340 cm ™ could be ascribed to the unidentate carbonate
species, and the band at 1535 cm'is due to carboxylate species [31,32]. The band centered at 1630 cm ™ could be assigned to the
deformation vibration of water. The broad absorbance at 2700-3700 cm " is attributed to the stretching vibration of OH groups
and adsorbed water. After supporting Ag and Co nitrates, the bands in 1000-1600 cm™t region are due to the superposition of
carbonate, carboxylate and nitrate species. The bands at 1325 and 1455 cm ™" could be ascribed to the asymmetric stretch of
nitrate species, and the band at 1040 cm s the symmetric stretch of nitrate species [33]. This result indicates the existence of
silver and cobalt nitrates over fresh catalyst. After oxygen plasma treatment, only trace of nitrate species could be observed. The
species distribution over HP sample was the same as ceria and nitrate species completely disappeared. This suggests both silver
and cobalt nitrates species could be decomposed quickly and efficiently by plasma activation in a very short time. And hydrogen
plasma is more efficient for nitrate decomposition than oxygen. After 500 °C calcination, all the surface species entirely
disappeared and nothing could be observed, suggesting the complete decomposition of nitrates and removal of carbonate,
carboxylate and water species during high temperature process.

Fig. S7 (Supporting information) illustrates the H,-TPR profiles of Ag-Co/CeO, catalysts. For fresh Ag-Co/CeQ, catalyst, two
peaks at 177 and 280 °C are observed. The peak at 177 °C is due to the consumption of hydrogen and the formation of NO,, corresponding
to the reduction and decomposition of silver and cobalt nitrates. This could be proved by mass spectra result as shown in Fig. S7b. An
intensive peak of nitrogen dioxide at 177 °C formed along with the consumption of hydrogen at the same time, indicating the existence of
both reduction and decomposition processes in hydrogen atmosphere. While only hydrogen consumption was observed and no nitrogen
dioxide formed at 280 °C. This suggests both silver and cobalt nitrates could be consumed entirely at 177 °C, and the peak at 280 °C is
only due to the reduction of cobalt oxide. For plasma activated HP and OP samples, a main reduction peak at 273 °C belonging to the
reduction of Co30, is observed. Two small peaks at 165 and 179 °C ascribed to the reduction of remained nitrates are observed over OP
sample. This implies the incomplete decomposition of nitrate exists. For C500, only one reduction peak of Co50, is observed, suggesting
the complete decomposition of nitrates under high temperature calcination. Moreover, its position moves to a higher temperature of 387 °C
than others. This could be ascribed to its higher crystallinity degree of Co30,, which could be proved by XRD results. In addition, a
reduction peak at high temperature of 754 °C ascribed to reduction of bulk ceria is observed for all samples.
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Flg 2. Ag 3d XPS spectra for (a) fresh and (b) used Ag-Co/CeO, catalysts.

Table 1 The content of Ag species of fresh and used Ag-Co/CeO, samples from XPS analyses.

Used
Sample Ag valence Fresh
130°C 150°C
1+ 33 28 36
HP 5+ 53 52 54
0 14 20 10
1+ 15 36 25
oP &+ 85 47 52
0 - 17 23
1+ - 82 100
C500 &+ - 18 -
0 100 - -

X-ray photoelectron spectroscopy (XPS) analysis of Ag 3d was performed and the results are shown in Fig. 2 and Table 1.
For HP and OP samples, the binding energies of Ag 3ds/, locate at 368.0 eV, which is in the middle of Ag0 (368.3 eV) and Ag,0
(367.7 eV) [34,35]. It is hard to assign that to either metallic silver or oxidized silver. And it is also impossible to deconvolve it into
those two peaks. This indicates the existence of an intermediate valence state between Ag° and Ag’, i.e., Ag‘s+ (0 < 6§ < 1) species,
which has been reported in literatures [19-21]. HP, OP and C500 samples showed totally different distribution of Ag species. OP
sample contained mainly Ag5+, HP possessed a mixed valence state of three Ag species and C500 only had metallic Ag. This result
hints the totally different characteristics of catalyst pretreatment method. The long-time high temperature calcination could
obtain complete decomposition of silver nitrate and forms pure metallic Ag species. Non-thermal plasma works in a much quicker
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but milder way since it is characterized by high electron temperature and low gas temperature (close to room temperature). Its
reduction process is much milder than high temperature calcination. Therefore, the short-time (5 min) plasma activation could
achieve partially reduced Ag species. For oxygen plasma, the Ag species could only be reduced to Ag6+ species. A component of
85% Ag5+ and 15% Ag" was attained. Hydrogen plasma has a stronger reducibility, metallic Ag could be formed. Then HP sample
obtained a mixed valence state with a component of 14% Ago, 53% Ag6+ and 33% Ag’. The Ag’ species over HP catalyst resulted
from the re-oxidization of reduced Ag via the interaction between Ag and Co30,/Ce0,, since no nitrate species was detected
(proved by H,-TPR, IR and Raman spectra).

These three catalysts also exhibited totally different characteristics during reaction test at 130 °C, as shown in Fig. 2b. The
Ag species distribution almost kept unchanged for HP sample after reaction test, whereas big changes were observed for OP and
C500 samples. For OP sample, the percentage of Agg+ significantly dropped from 85% to 47%, and the percentages of Ag" and
metallic Ag increased from 15% and 0% to 36% and 17%, respectively. For C500, metallic Ag disappeared and was oxidized
completely. The percentages of Ag" and Ag5+ increased to 82% and 18%, respectively. Furthermore, similar Ag species
distributions were observed for used samples after testing at 150 °C, as shown in Fig. S8 (Supporting information) and Table 1. It
still remained unchanged for HP sample. A complete oxidation to Ag* was observed for C500. A component of 52% Ag&, 23% Ag0
and 25% Ag" over OP sample was attained.

Obviously, a special mixed Ag valence state, i.e., “50% Ag5+ with a few Ag0 and Ag’, could be proposed. HP sample had this
special mixed Ag valence state and did not change even after long-time reaction test at both 130 and 150 °C. Though fresh OP
sample owned mainly Ag6+ species, it could reach this special state finally after in situ activation process at both 130 and 150 °C.
While C500 sample never had it. Ag valence state could be highly affected by its surrounding environment, especially the redox
cycles of Coz)'/Co3+ and Ce3+/Ce4+ [36-38]. The Co was essential to the activity since the HCHO conversion was only 38% for the HP
sample without Co loading at 150 °C. It could surely improve the catalytic activity. However, it hardly affected the Ag valence
state. The ratio of Co**/(Co”* + Co™") for HP, OP and C500 sample was 87%, 72% and 79%, respectively, as shown in Fig. S9 and
Table S1 (Supporting information). All of them approached to 80% after reaction test (both 130 and 150 °C). The ratio of
ce*/(ce* + ce™) for HP, OP and C500 sample was 24%, 17% and 31% respectively, as shown in Fig. S10 and Table S2 (Supporting
information). All of them approached to 31% after reaction test (both 130 and 150 °C). Plasma activated samples had different
Co’* and Ce* contents before and after reaction test, while C500 attained the same contents. In this case, the contribution of Co
and Ce could be excluded and the special mixed Ag valence state was predominated by plasma activation.

The XPS analyses are consistent with HCHO conversion (Fig. 1 and Fig. S1). HP sample had stable conversion and Ag valence
state. OP sample underwent activation process and could also reach stable activity and Ag valence state. C500 sample exhibited
quick deactivation and achieved stable activity and Ag valence state. In this context, a relationship between Ag valence state and
HCHO conversion was established to deep understand the contribution of Ag species, as shown in Fig. 3. The mixed valence state
of Ag6+ + Ag0 + Ag' contributed to the stabilized activity of HP and OP samples. Ag6+ and Ag0 species were responsible for the initial
conversions of OP and C500. Ag” species contributed to the stabilized conversion of C500. Apparently, the activity of HCHO
catalytic oxidation of different Ag species follows the order: Ag5+ + Ag0 +Ag' > Ag‘s+ > Ag0 > Ag’. The mixed valence state of Ag‘5++
AgO + Ag" had the merits of both good activity and stability. Ag5+ species also had good activity, whereas its stability was really
poor and a quick deactivation could be observed. Ag0 species contributed to a much lower activity and poorer stability. Ag"*
species had a stable but the lowest conversion.
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Fig. 3. The effect of Ag valence state on HCHO conversion with temperature. The postfix letters of i and s denote the initial and stabilized conversions,
respectively.

The activation of oxygen is often considered as one of the important rate-limiting steps in HCHO catalytic oxidation [39,40].
The valence state of Ag plays a very important role in oxygen activation. The oxygen activation is dependent on the redox cycles
of Ago/Ag+ [11]. Metallic Ag is generally considered to be favorable for oxygen activation. This view was partially proved in this
study. However, Ag’ species is not stable enough and could be easily oxidized to Ag* during reaction test. Thus, the balance of
Ago/Ag+ redox cycle could be broken. Ag"* species is stable but its activity is limited. Ag‘s+ (0 < 6 < 1) species was suggested to
contribute a better activity compared with metallic Ag. It also underwent the disadvantage of unstable. However, Ag redox cycle
could be stabilized when intermediate valence state of Ag5+ inserted. A new redox cycle of AgO/Ag&'/Ag+ could be established,
which could surely improve the ability and stability of oxygen activation, and finally enhanced the activity and stability of HCHO
catalytic oxidation significantly.

In summary, conventional C500, plasma activated HP and OP catalysts exhibited totally different distribution of Ag species.
HP sample possessed a mixed valence of Ag5+ + Ag0 +Ag’, OP contained mainly Ag‘s+ and C500 only had metallic Ag. HP and OP
samples exhibited much higher activities than conventional C500 catalyst. HP sample possessed the merits of both good stability
and high activity. OP sample suffered an activation process before reaching stable. C500 sample had a low but stable activity
except the initial quick jump. A close relationship between Ag valence state and the activity for HCHO oxidation was established.
The conversion of different Ag species follows the order: Agg+ + Ag0 +Ag > Ag5+ > Ag0 > Ag.
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