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Abstract: A formic acid modified catalyst, Co3O4-CeO;, was prepared via facile urea-hydrothermal
method and applied in CO oxidation. The Co304-CeO,-0.5 catalyst, treated by formic acid at
0.5 mol/L, performed better in CO oxidation with Tsy obtained at 69.5 °C and T obtained at 150 °C,
respectively. The characterization results indicate that after treating with formic acid, there is a
more porous structure within the Co304-CeQO, catalyst; meanwhile, despite of the slightly decreased
content of Co, there are more adsorption sites exposed by acid treatment, as suggested by CO-TPD
and H,-TPD, which explains the improvement of catalytic performance.
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1. Introduction

Removal of CO has been studied extensively because CO is toxic and poses health concerns
in fields of exhaust emission control and air purifications. Low temperature oxidation of carbon
monoxide is considered to be the most efficient and cost-effective method for removal of CO [1,2].

For CO oxidation at low temperature, catalyst with high activity is a key factor. Noble metal
catalysts, such as Pt, Ru, Rh, Au, efc., show high activity and stability in CO oxidation [2]. However, the
high cost of noble materials is a concern. As alternatives, transition metal oxides and their mixed
oxides have then been studied for CO oxidation, such as MnOy and CuO-CeO, [3,4].

Among the transition metal oxides, Co3O4 has been studied in the field of air pollution control,
and has also been considered as a promising non-noble metal oxide catalysts for CO oxidation [2].
Meanwhile, in oxidation processes, CeO, is widely used for its abundant oxygen vacancy defects,
oxygen storage capacity, and its redox property [5,6]; even in a lean oxygen atmosphere, CeO, can
release oxygen and produce oxygen vacancy via the Ce**/Ce®* redox cycle [2,7].

It is reported that the core@shell structure with a high interface area of Co304-CeO; can be an
effective way to improve catalytic performance, such as Co304@CeO,core@shell cubes with optimized
CeO; shell thickness, which produced a 100% conversion of CO at 190 °C in CO oxidation tests, as
reported by Zhen et al. [2]. The relatively low activity of the Co304@CeO; catalysts can be attributed
to the large particle size (about 300 nm) and the coating shell of CeO,, which constrains the diffusion
of reactants to core of Coz0y4 [8].

Meanwhile, with respect to synthesis strategy, hydrothermal synthesis is an efficient approach
to prepare porous materials [9], while additives, such as urea, are helpful to synthesize well
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crystallized particles [10,11]. In the urea-hydrothermal synthesis process, ultrasonics can be also
employed for the improvement of dispersion via cavitation bubbles produced to agitate materials from
agglomeration [12].

Herein, a facile method using urea-hydrothermal synthesis was used to fabricate composite
structures of Co304-CeO, with a smaller particle size and high surface area to address the concerns
of the core@shell structure. The obtained Co304-CeO; catalyst was further treated using formic acid
to modify the composite structure and facilitate the diffusion of reactants, and was then tested in
CO oxidation. To the best of the authors’ knowledge, this formic-acid-treated CozO4-CeO; catalyst
for CO oxidation has not been reported. The relationship between structure-reactivity has also been
studied using characterizations of XRD, TPR, HRTEM, XPS, BET, ICP-AES, CO-TPD, and H,-TPD.
The prepared composite catalysts were listed in Table 1, in which the catalysts of Co304-CeO,-0.5
and Co304-Ce0O,-1.0 were treated using formic acid with 0.5 mol/L and 1.0 mol/L, respectively;
meanwhile, for comparison, the CozO4 catalyst was tested in CO oxidation as well.

Table 1. The list of the Co304-CeO, catalysts as prepared.

Particle Size

Surface Average Pore  Average Pore Estimated by XRD, nm Co304 Content,
Catalysts A Ly Vol L/ Si o
rea, m-/g olume, mL/g 1ze, nm Precursors®  Calcined P wt %
CeO, 79.8 0.087 44 26.2 20.7 -
Co304 19.3 0.064 12.7 194 29.0 -
Co0304-CeO, 53.0 0.126 8.9 16.4 23.9 52.00
Co0304-Ce0,-0.5 68.3 0.146 8.1 15.8 23.6 42.74
Co0304-Ce0,-1.0 734 0.142 7.2 16.6 23.8 37.56

2 Estimated by the peak near 20.5 degree of CoOO(OH); ® Estimated by the peak near 37.0 degree of Co3Oy;
¢ Determined by ICP-AES.

2. Results and Discussion

2.1. Catalytic Performance Tests

To evaluate the catalytic activities, CO oxidation experiments were conducted. As shown in
Figure 1, over CeQO,, only 20.5% of CO was oxidized at 250 °C, suggesting that CeO, was not
active for CO oxidation at low temperatures. For Co3Oj, the temperature at 50% of CO conversion
(Ts50) was 137.3 °C, while the conversion of CO reached 98% at 250 °C. By contrast, the catalyst of
C0304-CeO, showed improved catalytic activity: Tsy was obtained at 75.4 °C, while T1g was recorded
at 200 °C. After treatment with formic acid, the Co304-CeO;-0.5 catalyst produced T5g of 69.5 °C
and Tygp of 150 °C, respectively; this activity is higher than the Coz0;@CeO; core@shell catalysts
with optimized CeO; shell thickness, which produced a 100% conversion of CO (T1q) at 190 °C, as
shown by Zhen et al. [2]. Similar higher activity was also obtained for 25 mg of Co304-CeO,-0.5 for
CO oxidation, as listed in Figure 52. Meanwhile, for Coz04-CeO,-1.0, T5y was increased slightly to
79.7 °C and Tyqp was recorded at 225 °C. The higher activity observed for the Co304-CeO,-0.5 catalyst
suggests that there could be variation in the textures and structures using treating with formic acid,
and need to be confirmed.
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Figure 1. CO conversions over Co-based catalysts.

The stability test on the Co304-Ce0,-0.5 catalyst was conducted at 150 °C for 30 h, as listed in
Figure S1. The results showed that the conversion of CO was recorded near 100% for 18 h, and then
dropped slightly and remained stable near 97%, suggesting that the Co304-CeO,-0.5 catalyst was
stable for CO oxidation.

2.2. Characterizations

2.2.1. XRD

To investigate the structures using processes of urea-hydrothermal synthesis, loading of CeO,,
and acid treatment, the precursors and oxides of these Co-based catalysts were scanned using XRD.

As shown in Figure 2A, there are two main structures in the precursors of catalysts, after
hydrothermal synthesis and before calcination. The peaks at 20.3°, 37.1°, 39.2°, 50.7°, 65.4°, and
69.1° can be assigned to reflections of CoO(OH) (PDF#: 07-0169) in the precursors of Co3O4 (Line 1 in
Figure 2A). For the other precursors catalysts with CeO,, peaks emerged at 28.5°, 33.0°, 47.4°, and 56.3°
can be assigned to CeO, (PDF#: 34-0394), while the peaks of CoO(OH) became weaker with treatment
using formic acid. The particle sizes of CoO(OH) in the Co304-CeQO; precursors were estimated, which
varied within 15.6-16.8 nm, as shown in Table 1.

A o o ——— CoO(OH) Q ——- CeOy B ¢ -——Co304 0 -—- CeOy
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Figure 2. XRD patterns of (A) precursors; (B) calcined catalysts of (1) CozOy; (2) Coz04-CeOy;
(3) Co304-Ce0,-0.5; and (4) Coz04-CeO,-1.0.
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For the catalysts after calcination and treatment with formic acid, as shown in Figure 2B, peaks of
CeO, were found, and the species of CoO(OH) was transformed into Co3O4 near 19.1°, 31.4°, 36.9°,
45°, 59.6°, and 65.5° [2], suggesting that there could be two separate phases of CeO, and Co30;4.
Meanwhile, the peaks of Co3O4 became weak with treatment using formic acid, and particle size
varied within 23.6-23.9 nm, as shown in Table 1.

2.2.2. HRTEM

HRTEM was employed to confirm the two phases. As shown in Figure 3A, two phases can be
found using HRTEM. In Figure 3B, by measuring the lattice distance, the lattice distances of 0.27 nm
and 0.31 nm can be indexed into the faces of (200) and (111) of CeO,, respectively; in Figure 3C, the
lattice distance of 0.28 nm can be indexed into the face of (220) in Co3O4 [13,14]. This is consistent with
the two phases of Co304 and CeO, using XRD (Figure 2B).

Figure 3. HR-TEM images of (A), Co304-CeO; catalyst; (B,C), enlarged part from (A).

2.2.3. ICP-AES

ICP-AES was used to measure the weight percentage of Co3Oy4 before and after formic acid
treatment. As shown in Table 1, the weight percentage of Co30; decreased with increasing
concentration of formic acid, and is consistent with the weakened peaks of CozO4 from XRD
measurements (Figure 2B), suggesting that the acid treatment leads to a dissolving of Co3O4 and may
result in variation of the textures of these catalysts.

2.2.4. Nj Physisorption

To investigate the textual properties of these catalysts, N, adsorption-desorption isotherms
experiments were recorded, while the surface area (SA), pore size, and pore volume of these Co-based
oxide catalysts were measured using the BET method and the BJH method. It can be observed
that there are hysteresis loops in the adsorption isotherms in Figure 4, and the average pore size
falls into a mesoporous range of 7.2-8.9 nm (Table 1). After treatment using formic acid, the SA
increases from 53.0 m2/ g for Co304-CeO; to 68.3 m?2/ g for Co304-Ce0,-0.5 and 73.4 m?2/ g for
Co0304-Ce0,-1.0; concurrently, the pore volume increases from 0.126 mL/g for Co3z04-CeO; to
0.146 mL /g for Co304-CeO,-0.5, suggesting that, with formic acid treatment, the Co304-CeO; catalysts
became more porous, which can be attributed to the dissolving of Co species during formic acid
treatment, as suggested by ICP-AES.
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Figure 4. N, adsorption—-desorption isotherms for catalysts of (A) Co304; (B) Co304-CeOs;
(C) Co304-Ce0,-0.5; and (D) Co304-Ce0,-1.0.

2.2.5. Temperature-Programmed Reduction (TPR)

To study the reduction properties of these Co304-CeO; catalysts, temperature-programmed
reduction (TPR) was conducted. As shown in Figure 5 (A1), the pure CeO, showed two weak reduction
peaks at 524 °C and 896 °C, which can be attributed to the reduction of surface and bulk species of
CeO,, respectively [15]. For the Co-based catalysts, the reduction peak near 350 °C and 500 °C can be
attributed to the reduction from Co’* to Co?* and to Co°, respectively [13,16]. For the Co3z04-CeO,
catalyst, the reduction peaks become weak, while shoulder peaks can be found near 600 °C, which
can be attributed to the interaction between Co and Ce [17]. For catalysts treated with formic acid, the
reduction peaks become weaker, suggesting that the content of Co species decreased and is consistent
with the results of ICP-AES; meanwhile, the reduction peaks move to lower temperatures, which can
be attributed to the porous structures and higher surface areas, as suggested by BET.
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Figure 5. TPR profiles (A) and CO-TPD (B) profiles of the calcined catalysts: (1) CeO, in TPR or blank

in TPD; (2) CO304; (3) C0304-C902; (4) C0304-C602-0.5; (5) CO304-C602-1.0.

2.2.6. X-ray Photoelectron Spectra (XPS)

To find the valence state of the Co and Ce species, XPS was recorded. As shown in Figure 6A-C,
for the Co 2p spectra, there is a main peak at 779.9 eV, which can be assigned to the species of Co?* and
Co3* [18], while the satellite peak at 782.2 eV can be attributed to the Co?* species [19], suggesting that
the Co species mainly exist as Co3Oy, and this is consistent with the results from XRD. In Figure 6D,E
for Ce 3d spectra, the peaks near 882.5 eV, 898.1 eV, 901.0 eV, and 916.5 eV can be attributed to Ce3*
of Ce 3d5/,, while the peaks near 888.0 eV and 906.8 eV can be attributed to Ce** of Ce 3d; /2 [20,21].
The XPS results confirm the species of Co304 and CeO; in these Coz04-CeO; catalysts.

1
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Figure 6. XPS of Co-based catalysts: Cop, of (A) Co30y, (B) Co304-CeO;, and (C) Coz04- Ce0,-0.5;
Ceszq of (D) Co304-CeO; and (E) Co304-Ce0,-0.5.
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2.2.7. Temperature-Programmed Desorption (TPD) of CO

To find the adsorption properties of CO for these core-shell catalysts, CO-TPD was carried out.
As shown in Figure 5B, there is a weak CO desorption peak near 150 °C for Co304 [22]. For the
Co0304-CeO; catalyst, the peak of CO desorption intensifies, suggesting that the addition of CeO,
was helpful to increase CO adsorption capacity. After treatment using formic acid, the peak of CO
desorption becomes stronger, suggesting that there were more adsorption sites exposed by formic acid.

The spent catalysts were scanned using XRD and XPS, as shown in Figures S3 and S4. There are
no obvious differences in terms of intensities, binding energies, and particle size, indicating that
these Co304-CeO, catalysts were stable during CO oxidation, and are consistent with the stability in
CO oxidation.

2.2.8. Temperature-Programmed Desorption (TPD) of H;

H,-TPD was conducted and used to measure the H; adsorption behavior of these cobalt-based
catalysts. As shown in Table S1, the hydrogen adsorption amount of Co3O4 was recorded near
0.120 mmol/ g-catalyst; with the promotion of CeO; in Co304-CeO,, the adsorption amount increased
and reached 0.191 mmol/g-catalyst. After treatment using formic acid in Co304-CeO,-0.5, there is a
high hydrogen adsorption near 0.382 mmol/g-catalyst, indicating that there are more adsorption sites
created using formic acid treatment with a high surface area and pore volume. Over Co304-Ce0O,-1.0
with a higher formic acid amount at 1.0 mol/L, the hydrogen adsorption amount dropped slightly to
0.349 mmol/g-catalyst, which can be attributed to the dissolving of Co species and loss of adsorption
sites. The Hj adsorption sites can be related to the active sites for CO oxidation, and were then used to
calculate TOFs at 50 °C [23]. As shown in Table S1, similar to the hydrogen adsorption, the highest
TOF at 50 °C was observed for CozO4-CeO,-0.5, while the corresponding specific reaction rate was
recorded near 64.353 molco h™! gcatalyst_l. According to the activity results of Co304-CeO,-0.5, the
treatment using formic acid created more porous structures with higher surface areas and more active
sites, thus, the activity was improved. Meanwhile, the decrease of activity for CozO4-CeO;-1.0 can be
attributed to the dissolving of Co species and the loss of active sites.

2.3. Discussion

Based on the reaction results, the CeO; catalyst possesses a very weak adsorption capacity, as
suggested by CO-TPD, and transformed only 15.6% of CO at 250 °C, suggesting that CeO, alone was
not active for CO oxidation at low temperatures.

For the Co304 catalyst, because of the low surface area at 19.3 m?2/ g, there was a weak CO
adsorption peak, suggesting there was a small amount of active sites within the CozOj4 catalyst. As a
result, Tsg was recorded at 137.3 °C, and the CO conversion only reached 93% at 250 °C in the test
range of 50-250 °C.

For the catalyst of Co304-CeO;, the surface area increased to 53.0 m?2/ g; meanwhile, the results
of CO-TPD indicate that the capacity for CO adsorption was increased, suggesting that there were
more active sites consisting of Co and CeO, with redox capacity for CO and O, activation. As a result,
Ty and T1gg were obtained around 74.8 °C and 250 °C.

With formic acid treatment at 0.5 mol/L for the Co304-CeO,-0.5 catalyst, because of the dissolving
of Co species, the composite structure became more porous with a higher surface area and pore volume,
as indicated by N, physisorption; meanwhile, despite the decreased content of Co, the CO adsorption
capacity was increased, suggesting that there could be more active sites exposed by acid treatment, as
indicated by CO-TPD and H,-TPD. As a result, the reactivity was further increased: Tsy and T1gp were
obtained close to 68.5 °C and 150 °C, respectively. These species remained stable, as suggested by the
XRD and XPS for the spent catalyst.

For the Co304-Ce05-1.0 catalyst treated with a higher concentration of formic acid at 1.0 mol/L,
the content of Co further decreased via the dissolving of Co3O4 and the loss of active sites, as suggested
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by ICP-AES, XRD, H,-TPD, CO-TPD, and TPR; despite the slight increase of surface area and pore
volume, the reactivity was slightly decreased, with the Ty and Tjpp recorded near 83.5 °C and
200 °C, respectively.

3. Experimental Section

3.1. Catalysts Preparation
All chemicals were AR and purchased from KESHI Chemicals (Chengdu, China).

3.1.1. Synthesis of Co304

Co304 was synthesized using the urea-hydrothermal method. Aqueous solutions of
Co(NO3),- 6HO:(NH),CO = 1:9 (molar) were firstly prepared at pH = 12 with NaOH as a pH
adjuster. The obtained mixture was then transferred to an autoclave and remained at 180 °C in an
oven for 12 h, then it was filtered and washed with deionized water three times.

3.1.2. Synthesis of CeO,

CeO, was prepared using the same procedure described in Section 3.1.1. with Ce(NOs3)3- 6H,O
as reagent.

3.1.3. Synthesis of Co304-CeO,

The cobalt precipitate obtained in Section 3.1.1 was ultrasonically dispersed in a mixed solution
of ethanol:water = 1 (volume). Then an aqueous solution of Ce(NO3)3.6H,O:CTAB = 1:0.2 (molar) was
added to the former solution at Co304:Ce(NO3)3.6H,0O = 4:1 (molar) with pH = 12, stirred at 70 °C for
12 h in an ultrasonic bath, and then filtered and washed with deionized water three times.

3.1.4. Treatment with Formic Acid

The precipitate obtained in Section 3.1.3 was treated with a formic acid solution at 0.5 mol/L and
1.0 mol/L, respectively, for 30 min, and then filtered and washed with deionized water three times.
The obtained oxides are denoted as Co304-CeO;-0.5 and Co304-CeO5,-1.0, respectively.

All the precipitates obtained in the previous sections were dried at 105 °C for 12 h and calcined at
500 °C for 4 h in air, and are listed in Table 1.

3.2. Catalytic Performance Evaluation

The CO oxidation test was conducted in a fixed-bed reactor. First, 300 mg of catalyst (20—40 mesh)
was loaded in the reactor, and the feed gas, a mixture of 2 mol % CO and 28 mol % O, with He as
balance at 4000 h—!, was introduced into the reactor. The CO oxidation reaction was carried out,
increasing temperature from 50 °C to different temperatures when the conversion of CO reached
100%. The tail gas was analyzed online using a gas chromatograph (SC-200G, Chuanyi Instrument,
Chonggqing, China). The conversion of CO (Xco) was calculated based on the molar flow rate of CO
(Fco, in or out), as follows:

Xco Fom )

where F;, or Foyt are the molar flow rates of CO in the inlet or the outlet of the reactor.

3.3. Characterizations

X-ray diffraction (XRD) was carried out with an X-ray diffractometer (DX-2700, Haoyuan
Instrument, Dandong, China) with Cu Ko radiation at 40 kV and 30 mA.

Specific surface areas and pore sizes of the whole calcined samples were measured at —196 °C on
an automatic adsorption instrument (JWBK-112, JWGB Instrument, Beijing, China).

TEM experiments were performed using a high-resolution transmission electron microscope
(JEM-2010, JEOL, Tokyo, Japan).



Catalysts 2016, 6, 48 9of 10

X-ray photoelectron spectroscopy (XPS) was recorded using a Kratos Axis-Ultra DLD spectrometer
using Al Ko radiation (1486.6 eV). The binding energies were calibrated relative to the C;4 peak from
the carbon contamination at 284.6 eV.

Temperature-programmed reduction (TPR) was performed using a fixed-bed reactor with a flow
of 5.0% Hj in N at 10 °C/min.

The composition of catalysts was measured by elemental analysis with an inductively coupled
plasma-atomic emission spectrometer (ICP-AES) (IRIS1000, Thermo Electron, Waltham, MA, USA).

CO-temperature-programmed desorption (CO-TPD) was carried out in a fixed-bed reactor.
First, 100 mg of catalyst was stabilized in helium at 300 °C, cooled down to 50 °C, and then switched
to a CO flow for 30 min. Then, the feed gas was switched back to helium to purge the samples until
the baseline was stable; then, the CO desorption was carried out from 50 °C to 700 °C at 10 °C/min.

Hydrogen chemisorption was conducted using the temperature-programmed desorption (TPD)
technique. Each catalyst sample was first pretreated in an N flow at 300 °C, and then H, was adsorbed,
30 mL/min at 50 °C for 30 min. The feed gas was switched to N, to purge the samples until the baseline
was stable, and H; desorption was conducted in an N; flow at 50-750 °C. The turnover frequency
(TOF) was calculated using Equation (2), in which Xcg is the conversion of CO at 50 °C, N¢co is the
molecular amount of CO in the feed gas, and N, is the surface active sites with Co, calculated via Hp
chemisorption by assuming H/Co =1/1.

TOF = XcoNco )
Nco

4. Conclusions

Formic acid modified catalysts of Co304-CeO, were prepared via a urea-hydrothermal synthesis,
and the Co304-CeO,-0.5 catalyst performed well in CO oxidation: T5p obtained at 69.5 °C and T
obtained at 150 °C, respectively. Based on characterization results, after treatment with formic acid at
0.5 mol/L, the structure became more porous with a higher surface area and pore volume; meanwhile,
despite the decreased content of Co, the CO adsorption capacity was increased, suggesting that there
could be more adsorption sites exposed by the acid treatment to activate CO, which may explain the
improved reactivity.
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