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ABSTRACT: The synthesis of high-performance catalysts for
volatile organic compounds (VOCs) degradation under humid
conditions is essential for their practical industrial application.
Herein, a codoping strategy was adopted to synthesize the N−
Co3O4−C catalyst with N, C codoping for low-temperature ethyl
acetate (EA) degradation under humid conditions. Results showed
that N−Co3O4−C exhibited great catalytic activity (T90 = 177 °C)
and water resistance (5.0 vol% H2O, T90 = 178 °C) for EA
degradation. Characterization results suggested that the C, N
codoping weakened the Co−O bond strength, increased surface
Co3+ and Oads species, and improved the low-temperature redox ability and the mobility of lattice oxygen species, which boosted the
catalytic performance of N−Co3O4−C for EA degradation. Meanwhile, the N-doping-induced oxygen vacancies could interact with
water vapor to generate extra active oxygen species, which enhanced the water resistance. Importantly, based on a series of
characterization technologies, in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), and theoretical
calculations, the synergistic effect of C, N codoping was systematically investigated and elucidated. The C doping induced the
increase of surface area and the weakening of Co−O bond strength, which improved EA adsorption and lattice oxygen species
activation to dissociate and oxidize EA, forming the key intermediate, acetate acid. N doping enhanced the adsorption and activation
of gaseous oxygen species to form active oxygen species, attacking and breaking the C−C bond in acetate acid to accelerate EA deep
oxidation, which synergistically facilitated EA degradation.
KEYWORDS: catalytic oxidation, ethyl acetate degradation, synergistic effect, Co3O4 catalysts, C and N codoping

1. INTRODUCTION
As one of the most essential atmospheric gaseous pollutants,
volatile organic compounds (VOCs) have caused serious
hazards to the environment and human health.1,2 Oxygenated
volatile organic compounds (OVOCs), such as ethyl acetate
(EA), acetone, etc., as one kind of VOC, discharged from
pharmaceutical, spray printing, and chemical manufacturing
industries, are the main precursors for the formation of ozone
and photochemical smog.3,4 Therefore, it is significant to
eliminate the emission of VOCs for green, sustainable
development. At present, many technologies, such as
adsorption,5,6 photocatalysis,7−9 plasma-catalysis,10 photother-
mal catalysis,11 and catalytic oxidation,12−15 have been
developed for VOC removal. Among them, catalytic oxidation
with the preponderances of high efficiency, simple operation,
and no secondary pollution has been considered one of the
most hopeful technologies for VOC pollution treatment and
widely applied.16 Meanwhile, based on the catalytic oxidation
technology, many catalysts, including supported noble metal
catalysts17 and transition metal oxide (TMO) catalysts,18 have

been studied for VOC degradation at low temperature.
Therefore, because of their resourcefulness, effectiveness, and
economic advantages, TMO catalysts have attracted extensive
attention.
As a typical TMO catalyst, the Co3O4 catalyst with the

spinel structure of AB2O4 is one of the most studied TMOs for
VOC degradation.19−21 For instance, Chen et al.22 synthesized
a series of Co3O4 catalysts with different exposed crystal planes
for styrene complete oxidation, which presented excellent
styrene degradation performance. Meanwhile, the high oxygen
mobility, multiple oxidation states, weak Co−O bond strength,
and the easy generation of highly active oxygen species also
endowed the good VOC catalytic degradation performance to
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Co3O4.
23 However, the 1-fold Co3O4 catalyst still faced inferior

catalytic activity in comparison to supported noble metal
catalysts. Recently, to improve the catalytic activity of Co3O4,
many modification strategies, especially doping, have been
adopted.24,25 For example, Ma et al.26 improved the catalytic
performance of Co3O4 via indium doping. The results
suggested that indium doping distorted the lattice structure
and promoted the generation of oxygen vacancies, which
enhanced the catalytic activity of Co3O4 for gaseous pollutant
degradation. Sun et al.27 found that Cu doping in the (110)
facet of Co3O4 enhanced its catalytic performance for propane
oxidation, which was ascribed to the enhancement of Co−O
activation via Cu doping. Except for the metal doping, the
nonmetal doping could also boost the catalytic activity of
Co3O4. For instance, Hu et al.

28 synthesized several N-doped
Co3O4 catalysts through the g−C3N4-modified sol−gel method
for N2O catalytic decomposition. Compared with the pristine
Co3O4, the N doping in Co3O4 promoted the formation of
defective structures, basis sites, and surface Co2+ on the catalyst
and improved the electron donation ability of Co2+ and redox
properties, which promoted N2O decomposition. Although the
metal or nonmetal doping could greatly improve the catalytic
performance of Co3O4 for gaseous pollutants degradation, in
the actual conditions, the existence of water vapor might
suppress VOC adsorption on the catalyst surface and inhibit its
degradation. Therefore, the preparation of doping-modified
Co3O4 and investigation of its catalytic performance for VOC
degradation under humid conditions are still indispensable.
Herein, the C, N-codoped N−Co3O4−C catalyst was

successfully prepared via the solvothermal−calcination method
and applied for low-temperature EA catalytic degradation
under humid conditions. Compared with Co3O4 and C- or N-
doped Co3O4 catalysts, the C, N-codoped N−Co3O4−C

catalyst presented excellent catalytic activity (T90 = 177 °C)
and water resistance (5.0 vol%, T90 = 178 °C). Various
characterization technologies, including X-ray diffraction
(XRD), X-ray absorption spectra (XAS), X-ray photoelectron
spectroscopy (XPS), etc., were applied to determine the
physical−chemical properties of the catalysts, and the results
showed that the C, N codoping weakened the strength of Co−
O bonds, increased the surface area, surface Co3+, and Oads
species, and improved the low-temperature redox properties
and the mobility of lattice oxygen species, which boosted the
catalytic performance of N−Co3O4−C for EA degradation.
Additionally, the weakening of water vapor adsorption on the
catalyst surface via N doping to improve the water resistance
was uncovered by temperature-programmed H2O desorption
(H2O-TPD) and theoretical calculations. Namely, the
synergistic effect of the C, N codoping enhanced the catalytic
activity and water resistance of N−Co3O4−C for EA
degradation. Meanwhile, the synergistic effect mechanism of
C, N codoping was systematically elucidated by in situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
and theoretical calculations. This work provided a new strategy
for the preparation of doping-modified catalysts for VOC
degradation under humid conditions.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation
The doped Co3O4 was synthesized by using CoC2O4·4H2O as the
precursor. The detailed synthesis processes are listed as follows. For
N-doped Co3O4, first, 2.19 g of CoC2O4·4H2O and 0.75 g of urea
(molar ratio of Co2+ to urea was 1:1) were poured into 100 mL of
deionized water and stirred at environmental temperature for 24 h.
Furthermore, the mixture suspension liquid was hydrothermal at 100
°C in a breaker for another 24 h. After cooling, the sample was

Figure 1. XRD patterns (a), Raman spectra (b), and FT-IR spectra (c) of the Co3O4 catalysts.
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collected via centrifugation, washed with deionized water, and dried at
80 °C for 12 h. Finally, the collected powder was calcined at 500 °C
for 2 h under the heating rate of 5 °C/min in a muffle furnace to
obtain N−Co3O4. For the N, C-codoped Co3O4 catalyst, N−Co3O4−
C, the synthesis processes were similar to that of N−Co3O4, except
that the calcination temperature was set at 300 °C. Additionally, 0.5
N−Co3O4−C and 2 N−Co3O4−C with the Co2+-to-urea molar ratio
of 0.5 and 2.0 were also synthesized to investigate the effect of N-
doping amount on the catalytic performance. The preparation process
was similar to that of N−Co3O4−C.
Co3O4 and Co3O4−C were prepared via the same synthesis

processes except that the urea was not added. The detailed
information for the preparation of Co3O4 and Co3O4−C is listed in
Supporting Information. The physical and chemical properties of the
Co3O4 catalysts were measured by many characterization technolo-
gies. For detailed information, please refer to Supporting Information.
2.2. Performance Test
EA was chosen as the probe molecule to study the catalytic activity of
the as-synthesized catalysts under dry and humid conditions. The
detailed processes can be found in Supporting Information.
2.3. Theoretical Calculations
Four model structures with the exposure of the (220) crystal facet of
Co3O4 and the corresponding C-doped, N-doped, and C, N-codoped
samples, namely, Co3O4, Co3O4−C, N−Co3O4, and N−Co3O4−C
were constructed to calculate the adsorption energies of EA, H2O, and
O2. Meanwhile, the transition state (TS) searching for the dissociation
of EA to ethanol and acetate acid and the dissociation of acetate acid
to methanol and formate acid was also calculated. Detailed
information about the theoretical calculations is listed in the
Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Influence of N-Doping Amount on EA Degradation
First, the influence of the N-doping amount on the EA
degradation performance was investigated. All the C, N-
codoped Co3O4 catalysts with different N-doping amounts
displayed the same Fourier transform infrared (FT-IR) spectra
(Figure S1), indicating that the N-doping amount presents no
influence on the structure of these catalysts. As shown in
Figure S2a,b, with the raising of N-doping amount, EA
conversions and CO2 yield enhanced first and then decreased,
suggesting that N−Co3O4−C presented the optimal EA
degradation performance. Therefore, N−Co3O4−C with the
Co2+ and urea molar ratio of 1:1 was selected in the following
study.
3.2. Physical Properties and Crystal Structure
The crystal structure of the as-synthesized Co3O4 and doped
Co3O4 was measured by XRD. As depicted in Figure 1a, all of
the as-synthesized catalysts exhibited the typical cubic Fd3m
spinel structure of Co3O4 (PDF#42-4167). Compared with the
undoped Co3O4, the XRD diffraction peak at a 2θ of ∼37° in
N−Co3O4 and N−Co3O4−C shifted to a lower position, which
might be attributed to that N doping induced the substitution
of O by the N atom, causing the generation of oxygen
vacancies.29 Additionally, compared with Co3O4 and N−
Co3O4, the diffraction peaks of C-doped catalysts, Co3O4−C
and N−Co3O4−C, were weakened and broadened, which
might be attributed to the fact that C doping suppressed the
long-range ordering during the crystallization of Co3O4.

30

Meanwhile, the crystal size of the samples was calculated via
the Scherrer formula according to the diffraction peak of the
(311) crystal face in Table S1. Apparently, compared with
Co3O4 (20.9 nm) and N−Co3O4 (25.8 nm), the crystal size of
Co3O4−C (13.1 nm) and N−Co3O4−C (15.1 nm) was

smaller, which might be related to the doping of C in the
Co3O4 lattice. Furthermore, the structure of the as-prepared
Co3O4 catalysts was investigated via Raman spectra. As shown
in Figure 1b, four Raman vibration peaks were found at 192,
477, 520, and 679 cm−1, corresponding to the F2g vibrational
band of the tetrahedral CoO4 site, Eg and F2g vibrational bands
of Co3O4, and A1g vibrational band of the octahedral CoO6
site, respectively,31,32 which further confirmed that the as-
prepared catalysts formed a cubic phase. Notably, compared
with Co3O4, the Raman vibration peaks of the C-doped
samples, Co3O4−C and N−Co3O4−C, shifted to a lower
Raman shift (red shift) and became broader, while N−Co3O4
presented a positive offset of Raman peaks (blue shift) slightly,
which might be related to the change of phonon constraint.33

Zhong et al.34 had reported that the red shift of Raman peaks
meant the improved phonon constraint and probable lattice
distortion or residual stress in nanostructures. Mu et al.35

reported that the blue shift of Raman bands was ascribed to the
confinement influence of photons induced by the formation of
oxygen vacancies in the Co3O4 surface. Therefore, lattice
distortion was formed in Co3O4−C and N−Co3O4−C, and the
oxygen vacancies were generated in the N−Co3O4 surface.
Additionally, the red shift of Raman shifts in Co3O4−C and
N−Co3O4−C indicated its weakened Co−O bond, which
facilitated the mobility of the lattice oxygen species to boost
the catalytic activity.36

Figure 1c shows the FT-IR spectra of Co3O4 and the doped
Co3O4 catalysts. The vibration bands at 663 and 565 cm−1

were assigned to the Co−O vibration of Co2+−O and Co3+−
O, respectively,37,38 which further demonstrated the generation
of the cubic Co3O4 spinel structure. The vibration bands at
3400 and 1624 cm−1 were attributed to the OH group bending
vibration and the ν(O−H) mode of physically adsorbed water,
respectively.37 Notably, compared with Co3O4 and N−Co3O4,
a new vibration band at 1376 cm−1, which was ascribed to the
characteristic of C−O bond elongation, was observed in
Co3O4−C and N−Co3O4−C, indicating the successful doping
of C in the catalyst structure.39 Therefore, the result of FT-IR
spectra suggested the successful transformation of CoC2O4·
4H2O to Co3O4, and the low-temperature calcination caused
the doping of C in the structure of Co3O4. Meanwhile, the
presence of C in Co3O4−C and N−Co3O4−C could also be
confirmed by thermogravimetry (TG) curves and their
corresponding derivative thermogravimetry (DTG) curves
(Figure S3). The specific surface area and pore size
distribution of the samples were measured by physical
adsorption apparatus. As shown in Figure S4a, the type-IV
isotherm accompanied by an H3 hysteresis loop was observed
in all of the catalysts, indicating the presence of mesopores in
the catalysts. Furthermore, the pore size distribution (Figure
S4b) also confirmed that the as-synthesized catalysts were
mesoporous materials. Table S1 summarizes the surface area
and total pore volume of these Co3O4 catalysts. Compared
with Co3O4 (32.5 m2/g and 0.262 cm3/g) and N−Co3O4
(23.6 m2/g and 0.115 cm3/g), a higher specific surface area
was observed in Co3O4−C (123 m2/g and 0.369 cm3/g) and
N−Co3O4−C (76 m2/g and 0.277 cm3/g), which might be
ascribed to the doping of C in the catalysts. The higher surface
area could improve the adsorption and mass transfer of the
VOC molecules to accelerate their degradation.
Scanning electron microscopy (SEM) images and their

corresponding element mapping were carried out to study the
morphology and element distributions of N−Co3O4−C. As
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presented in Figure 2a−f, the SEM images showed an irregular
shape. Meanwhile, the Co and O elements were evenly
dispersed on the catalyst surface. In addition to the presence of
Co and O, the existence of C and N elements was also
observed, indicating the successful doping of C and N in N−
Co3O4−C. Furthermore, transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images were also
used to investigate the textural structure of the N−Co3O4−C
catalysts. As presented in Figures S5 and 2g, N−Co3O4−C
presented an irregular circle shape with an average particle size
of 11.85 nm. Figure 2h,i displays the HRTEM images and the
enlarged lattice fringes of N−Co3O4−C. As depicted in Figure
2h, the lattice spaces of 0.239 and 0.279 nm, corresponding to
the (311) and (220) lattice faces of Co3O4, were observed.
Meanwhile, similar exposed crystal faces are also found in
Figure 2i. However, compared with Figure 2h, the wider lattice
space of the (220) crystal face was found in the enlarged
images of Figure 2i, and obvious lattice distortion was also
observed. The enlarged lattice space might be ascribed to the
N replaced with O in N−Co3O4−C. Meanwhile, because the
radius of the N atom is larger than that of the O atom, this
substitution would induce the expansion of lattice space,
leading to the low angle shift of the Bragg diffraction angle and
the formation of oxygen vacancies. This result was consistent
with the results of the XRD patterns (Figure 1a). The
formation of lattice distortion might be ascribed to the C

doping. Furthermore, the selected area electron diffraction
(SAED) pattern (Figure 2j) also presented the (111), (220),
(311), (400), (511), and (440) crystal planes of Co3O4, which
suggested the good crystallinity characteristics of Co3O4.
Additionally, TEM, HRTEM, and SAED patterns were also
applied to investigate the crystal structure of Co3O4 (Figures
S6 and S7), Co3O4−C (Figures S8 and S9), and N−CO3O4
(Figures S10 and S11). The average particle sizes of Co3O4,
Co3O4−C, and N−Co3O4 were 21.86, 8.37, and 23.16 nm,
respectively, which was consistent with the XRD result (Table
S1). Meanwhile, C doping caused the lattice distortion, and N
doping induced the oxygen vacancies, which were also
confirmed by these HRTEM images of the as-prepared
Co3O4 catalysts.
3.3. Surface Chemical Composition and Redox Properties

Figure 3a−d displays the C 1s, Co 2p, and N 1s XPS spectra of
the catalysts, respectively. As shown in Figure 3a, for Co3O4
and N−Co3O4, the C 1s spectra were fitted into C−C, C−O,
and C�O bonds at 284.8, 286.6, and 288.8 eV,
respectively.40,41 After the doping of C in Co3O4−C and N−
Co3O4−C, a new peak at 289.1 eV, corresponding to the C−
Co−O bond, was observed, which indicated the successful
doping of C in Co3O4−C and N−Co3O4−C.42,43 For the Co
2p orbit (Figure 3b), two evident peaks at 780.3 and 795.4 eV,
attributed to the Co 2p3/2 and Co 2p1/2 orbits, were found. Co

Figure 2. SEM images and corresponding element mapping (a−f), TEM images (g), HRTEM (h,i) images, and SAED pattern (j) of N−Co3O4−C.
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2p3/2 spectra were deconvoluted into the Co3+ in octahedral
coordination and Co2+ in tetrahedral coordination, attended
with a satellite peak at 780.3, 781.8, and 790.0 eV, respectively.
For the Co 2p1/2 orbit, three peaks located at 795.3 eV (Co3+),
796.8 eV (Co2+), and 805.2 eV (satellite peak) were also
observed.11,44 The molar ratio of Co3+/Co2+ was calculated
based on the peak areas (Table S1). As illustrated in Table S1,
the surface Co3+/Co2+ molar ratio followed the order N−
Co3O4−C (0.73) > Co3O4−C (0.65) > Co3O4 (0.52) > N−
Co3O4 (0.50). Apparently, N−Co3O4−C presented the largest
surface Co3+ species. The O 1s spectra of the Co3O4 catalysts
are displayed in Figure 3c. The O 1s orbits were deconvoluted
into lattice oxygen (Olat), surface-adsorbed oxygen (Oads)
species, and surface hydroxy from adsorbed H2O (OOH) at

530.3, 531.6, and 532.9 eV, respectively.4,17 Generally, surface
Oads species originated from the gaseous oxygen species
adsorbed on the surface oxygen vacancies, which were
positively correlated with the oxygen vacancy concentrations.1

Therefore, the surface Oads/Olat molar ratios of as-prepared
Co3O4 were calculated (Table S1). The surface Oads/Olat molar
ratios of the Co3O4 catalysts were abided by the following
order: N−Co3O4−C (0.67) > N−Co3O4 (0.56) > Co3O4−C
(0.51) > Co3O4 (0.47), which indicated that the doping of N
in N−Co3O4−C and N−Co3O4 induced the formation of
more oxygen vacancies. To further confirm the successful
doping of N in N−Co3O4−C and N−Co3O4, the N 1s XPS
spectra were collected. As shown in Figure 3d, compared with
Co3O4 and Co3O4−C, a distinct peak was found in the N 1s

Figure 3. C 1s (a), Co 2p (b), O 1s (c), and N 1s (d) XPS spectra; normalized Co K-edge XANES spectra (e); Co K-edge EXAFS k3χ(R) (f); H2-
TPR profiles (g); O2-TPD profiles (h); and ESR spectra (i) of the Co3O4 catalyst.
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XPS spectra of N−Co3O4−C and N−Co3O4, further
suggesting the successful doping of N.
Furthermore, the local atomic coordination environment of

the Co3O4 catalysts was investigated by XAS. As depicted in
Figure 3e, the X-ray absorption near-edge structure (XANES)
spectra of the as-prepared Co3O4 catalysts displayed a similar
absorption edge with the Co3O4 standard sample, indicating all
the as-prepared Co3O4 catalysts presented the near-identical
oxidation state of Co. However, the position of the absorption
edge (the purple arrow in the enlarged pattern of Figure 3e)
exhibited different oscillations. Compared with Co3O4, the Co
K-edge spectra of the C-doped and C, N-codoped Co3O4
shifted to higher energy, while the Co K-edge spectrum of N-
doped Co3O4 slightly shifted to lower energy, suggesting that
the average oxidation states of Co in the as-synthesized Co3O4
followed N−Co3O4−C > Co3O4−C > Co3O4 > N−Co3O4.
Namely, N−Co3O4−C possessed the richest Co3+ species,
followed by Co3O4−C, Co3O4, and N−Co3O4, which was in
accord with the results of Co 2p XPS spectra. The extended X-
ray absorption fine structure (EXAFS) spectra of Co K-edge
and Fourier transforms for k3-weighted Co K-edge EXAFS
spectra were fitted (Figures 3f and S12). Meanwhile, the
wavelet transforms of the samples were provided (Figure S13).
The EXAFS fitting parameters are summarized in Table S2. As
shown in Figure 3f, the peaks at ∼1.5, 2.4, and 3.0 Å were
ascribed to the single scattering paths of Co to the closest
neighboring O, namely, the Co−O coordination, the Co−Co
coordination of the adjacent octahedral Co3+ site (CoOcta−
CoOcta), and the Co−Co coordination of the nearby
tetrahedral Co2+ site and octahedral Co3+ site (CoTetra−
CoOcta), respectively.45 It had been reported that the Co−O
peak in the EXAFS spectra shifted to a higher R-value,
indicating the weakening of the Co−O bond.46 Herein, as
depicted in the enlarged pattern in Figure 3f, compared with
Co3O4 and N−Co3O4, the R-value of Co3O4−C and N−

Co3O4−C shifted to a higher R-value, suggesting the
weakening of the Co−O bond in Co3O4−C and N−Co3O4−
C, which was consistent with the Raman results (Figure 1b).
Additionally, compared with the Co3O4 standard sample (1.92
Å), the Co−O bond distance in Co3O4−C (1.95 Å) and N−
Co3O4−C (1.96 Å) was enhanced, which also confirmed the
weakening of the Co−O bond via C doping. Therefore, the
weakening of the Co−O bond in the Co3O4−C and N−
Co3O4−C catalysts was attributed to the doping of C.
Figure 3g displays the temperature-programmed H2

reduction (H2-TPR) profiles of the Co3O4 catalysts. Mean-
while, the H2 consumption was calculated according to the
peak area (Table S3). As depicted in Figure 3g, the small
reduction peak in the enlarged pattern (inset in Figure 3g) was
ascribed to the reduction of surface oxygen species.47 The
other peaks were attributed to the reduction of the lattice
oxygen species. For the undoped Co3O4, the reduction peak at
302 °C was assigned to the reduction of Co3O4 to CoO.48 The
other two reduction peaks at 376 and 532 °C were attributed
to the gradual reduction of CoO to Co.49 After the doping of C
in Co3O4−C and N−Co3O4−C, the reduction temperature
shifted to a lower temperature, suggesting the enhancement of
the redox properties via C doping. However, the doping of N
in N−Co3O4 did not improve its redox properties. Although
the calculated H2 consumption (Table S3) was not consistent
with the reduction temperature, the great decrease in the
reduction temperature in Co3O4−C and N−Co3O4−C could
demonstrate their better low-temperature reducibility. Thus,
the reduction ability of the as-prepared Co3O4 catalysts obeyed
the following order: N−Co3O4−C > Co3O4−C > Co3O4 > N−
Co3O4, indicating that N−Co3O4−C exhibited the optimal
low-temperature redox properties. Meanwhile, the doping of C
could greatly enhance the reducibility of the catalysts at a low
temperature.

Figure 4. EA conversion and CO2 yield (a,d); values of T10, T50, and T90 (b,e); and Ea plots (c,f) over the Co3O4 catalysts under dry (a−c) and
humid (d−f) conditions.
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As presented in Figure 3h, the temperature-programmed O2
desorption (O2-TPD) profiles of the Co3O4 catalysts were
fitted and identified as three regions at below 300 °C, 300−500
°C, and above 500 °C, which were ascribed to the surface-
adsorbed oxygen species, surface lattice oxygen species, and
bulk lattice oxygen species, respectively.18 Generally, the
surface-adsorbed oxygen species, as the main active oxygen
species, played a significant role in an oxidation reaction.46

Meanwhile, the lower release temperature of surface-adsorbed
oxygen species indicated its better mobility. The release
temperature of surface-adsorbed oxygen species in the as-
synthesized Co3O4 catalysts followed N−Co3O4−C < Co3O4−
C < N−Co3O4 < Co3O4, suggesting that N−Co3O4−C
presented the best mobility of surface-adsorbed oxygen species.
Furthermore, the oxygen desorption amount was calculated
according to the fitted peak area (Table S4). Compared with
other Co3O4 catalysts, the biggest surface-adsorbed oxygen
species (0.051 mmol/g) was observed in N−Co3O4−C,
indicating its highest surface-adsorbed oxygen species capacity.
Additionally, the largest desorption amount (0.036 mmol/g) of
surface lattice oxygen species was also observed in N−Co3O4−
C, suggesting its superior surface lattice oxygen capacity ability.
According to the above analysis, the improvement of surface-
adsorbed oxygen mobility and surface oxygen capacity was
found in the N−Co3O4−C catalyst.
As mentioned in the XRD patterns, HRTEM images, and O

1s XPS spectra, the doping of N in Co3O4 induced the
generation of oxygen vacancies. To confirm the production of
oxygen vacancies directly, electron spin resonance (ESR) was
carried out. As shown in Figure 3i, the peak at g = 2.003, which
presented the capture of unpaired electrons by oxygen
vacancies, was observed in all of the Co3O4 catalysts.
Compared with Co3O4 and Co3O4−C, the N-doped samples
presented a stronger ESR signal, suggesting the successful
introduction of oxygen vacancies via N doping, which was
consistent with the XRD, HRTEM, and O 1s XPS results.
3.4. EA Degradation Performance, Stability, and Water
Resistance

The catalytic activity of the as-synthesized Co3O4 catalysts was
determined via EA degradation under dry and humid (5.0 vol%
H2O) conditions. Figure 4a presents EA conversion and CO2
yield for EA degradation over the as-prepared catalysts. As
shown in Figure 4a, the EA conversion and the corresponding
CO2 yield over Co3O4 and N−Co3O4 were similar, suggesting
that the doping of N did not improve the catalytic
performance. However, compared with Co3O4, the EA
degradation activity and the corresponding CO2 yield over
C-doped Co3O4 and C, N-codoped Co3O4 were greatly
enhanced. Meanwhile, the temperatures of EA conversion at
10, 50, and 90% (T10, T50, and T90) were also calculated to
further estimate the catalytic performance of the Co3O4
catalysts, and the results are listed in Figure 4b and Table
S5. The T50 and T90 values of Co3O4, Co3O4−C, N−Co3O4,
and N−Co3O4−C were 197 and 209 °C, 176 and 190 °C, 198
and 209 °C, and 166 and 177 °C, respectively, which further
confirmed that the C doping improved EA degradation.
Additionally, compared with the commercial Co3O4 for EA
degradation (Figure S14), the as-prepared Co3O4 catalysts
displayed a better catalytic performance for EA oxidation.
Meanwhile, compared with the reported metal oxide catalysts,
even supported noble metal catalysts listed in Table S6, the
N−Co3O4−C catalysts also presented excellent catalytic

performance. Additionally, the active energy (Ea, Figure 4c),
reaction rate (r, Figure S15a), and the reaction rate normalized
by the surface area (rs, Figure S15b) were also calculated. The
Ea values of Co3O4, Co3O4−C, N−Co3O4, and N−Co3O4−C
were 125.2, 72.8, 120.6, and 45.7 kJ/mol, respectively,
suggesting that the C, N-codoped N−Co3O4−C presented
the best EA degradation activity. However, r and rs displayed
an inverse result. N−Co3O4−C and Co3O4−C presented a
higher r than that of Co3O4 and N−Co3O4, while rs was low,
which suggested that the higher surface area induced by C
doping was the main reason for the great performance of N−
Co3O4−C and Co3O4−C for EA degradation. The character-
ization results suggested that the C doping weakened the Co−
O bond strength (Figures 1b and 3f) and greatly improved the
redox properties (Figure 3g) and surface chemical adsorbed
oxygen amount (Figure 3h). Meanwhile, the high surface area
could enhance the VOCs’ adsorption capacity. Therefore, the
role of C doping was the enhancement of the surface area,
redox properties, and surface chemical adsorbed oxygen
amount, which induced the improvement of catalytic perform-
ance. Besides, the turnover frequency based on Co (TOFCo) of
the as-prepared Co3O4 catalysts was calculated at 150 °C
(Table S5). N−Co3O4−C presented the highest TOFCo value
(4.22 × 10−4 s−1), followed by Co3O4−C (2.67 × 10−4 s−1),
Co3O4 (0.34 × 10−4 s−1), and N−Co3O4 (0.31 × 10−4 s−1).
Figure 4d,e presents the EA conversion, the corresponding

CO2 yield, and the T10, T50, and T90 values of EA oxidation
over the Co3O4 catalysts under humid conditions (5.0 vol%
H2O). Compared with the dry conditions, the EA conversion,
corresponding CO2 yield, r (Figure S15c), and rs (Figure
S15d) were decreased at the same temperature. Meanwhile,
the Ea values (Figure 4f) were increased, suggesting that the
addition of water vapor in the reaction system inhibited EA
degradation over the Co3O4 catalysts. T50 and T90 values of
Co3O4, Co3O4−C, N−Co3O4, and N−Co3O4−C were 208
and 220 °C, 181 and 197 °C, 200 and 213 °C, and 168 and
178 °C, respectively. Apparently, the N-doped samples
presented better water resistance, which could be further
confirmed by the r and rs in Figure S15. Therefore, it could be
inferred that the N-doping-induced oxygen vacancies were
related to the water resistance of the catalysts, which will be
further discussed in the following.
In general, the catalytic activity of a catalyst was determined

by its physical chemical properties. According to the above
characterization results, it could be concluded that although
the doping of N in Co3O4 led to the generation of oxygen
vacancies, the reducibility was weakened (Figure 3g), and the
Co−O bond intensity was enhanced (Figures 1b and 3f),
which caused its poor EA degradation performance in
comparison to Co3O4. The C doping weakened the strength
of the Co−O bond, which enhanced the low-temperature
redox properties and the activation of surface lattice oxygen
species. Meanwhile, the doping of C in Co3O4 improved the
specific surface area greatly, which could boost the adsorption
of EA and promote its degradation. Furthermore, it had been
reported that the higher content of Co3+ ions on the catalyst
surface probably played a role in the improved catalytic activity
for VOC degradation.19 Therefore, the optimal catalytic
activity of N−Co3O4−C might be due to its high surface
oxygen vacancies induced by N doping, the C-doping-caused
weak Co−O bond, large surface area and low-temperature
reducibility, and the largest surface Co3+ species.
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Additionally, N−Co3O4−C with the optimal EA degradation
performance was selected to investigate the effect of weight
hourly space velocity (WHSV) and the reusability. As shown in
Figure S16, with the improvement of WHSV from 30,000 to
120,000 mL/(gh), EA conversion and the corresponding CO2
yield decreased, which suggested that the catalytic performance
of N−Co3O4−C was influenced by the WHSV. Figure S17
presents the reusability of N−Co3O4−C for EA degradation.
After being reused five times, the catalytic activity of N−
Co3O4−C was decreased slightly. To investigate the reason,
the XPS spectra of N−Co3O4−C after five times reuse were
investigated. As shown in Figure S18, compared with the fresh
N−Co3O4−C, after several times being reused, the surface
Co3+ and Oads species were decreased, which might be the
reason that caused the decrease of catalytic performance.
Catalytic stability and water resistance were important

targets of the catalysts for practical application. Therefore, the
catalytic stability and water resistance of the Co3O4 catalysts
were tested. As shown in Figure S19, all of the Co3O4 catalysts

presented great stability for EA oxidation. Meanwhile, the XRD
patterns (Figure S20a), Raman spectra (Figure S20b), and the
FT-IR spectra (Figure S20c) also confirmed the great stability
of the Co3O4 catalysts. Figure 5a−d presents the water-
resistance test of Co3O4, Co3O4−C, N−Co3O4, and N−
Co3O4−C for EA degradation at different temperatures,
respectively. As depicted in Figure 5a−d, the introduction of
5.0 vol% water vapor into the reaction system caused the
decreased EA conversion over these Co3O4 catalysts, especially
for Co3O4 and Co3O4−C, which suggested the inhibition of
water vapor on EA degradation, which was consistent with the
results of Figure 4d. When the increase of water vapor to 10.0
vol%, EA conversion only slightly decreased. Furthermore, EA
conversion could be regained to the initial after the water
vapor was cut off, which might be ascribed to the easy
desorption of water vapor from the catalyst surface at high
temperature.46 However, compared with Co3O4 and Co3O4−
C, the water vapor exhibited a smaller influence on EA

Figure 5. Water-resistance test of the Co3O4 catalysts for EA oxidation (a−d), H2O-TPD (e), and water contact angle (f) of the Co3O4 catalysts
(the H2O-TPD profiles of Co3O4 and N−Co3O4 were enlarged 5 times).
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conversion over the N-doped samples (Figure 5c,d), indicating
the better water resistance of the N-doped catalysts.
To investigate the reason for the great water resistance of the

N-doped Co3O4, N−Co3O4, and N−Co3O4−C, the H2O-TPD
and water contact angle (H2O−CA) of the as-prepared Co3O4
catalysts were investigated. As shown in Figure 5e, compared
with Co3O4 and N−Co3O4, Co3O4−C and N−Co3O4−C
presented stronger H2O-TPD peaks, which might be related to
the surface area. Additionally, the H2O-TPD profiles of the as-
prepared Co3O4 catalysts were fitted into several peaks.
Generally, the desorbed water vapor in H2O-TPD was divided
into three regions at temperatures below 150 °C, 150−300 °C,
and above 300 °C, corresponding to the physically adsorbed
water species (Type I), associative adsorbed water species
(Type II), and dehydration of hydroxide species (Type III).50

According to the literature,51,52 the interaction between water
vapor and surface-active oxygen species could induce the
formation of a surface hydroxyl group, which might participate
in the oxidation of VOCs. Meanwhile, because of its ability to
provide active protons, the associatively adsorbed water species
might be the active site for VOC oxidation.52 Table S7
summarizes the content of different types of adsorbed H2O on
the catalysts. Compared with Co3O4 (34.55%) and Co3O4−C
(38.96%), the content of associatively adsorbed water species
(Type II) in the N-doped samples, N−Co3O4 (51.03%) and
N−Co3O4−C (56.82%), increased greatly. It had been
reported that the associatively adsorbed water species were
formed in the oxygen vacancies in the sample, which was likely
to be the active oxygen species for VOC oxidation.50,53

Therefore, the N-doping-induced oxygen vacancies in N−
Co3O4 and N−Co3O4−C could interact with water vapor to
generate the associatively adsorbed water species, providing
active oxygen species and enhancing their water resistance.
Figure 5f displays the CA of the as-prepared Co3O4 catalysts.

Obviously, the hydrophobic angles of N−Co3O4−C (61.0 ±
1°) and N−Co3O4 (59.0 ± 0.1°) were increased after N
doping in comparison to Co3O4 (39.0 ± 1°) and Co3O4−C
(46.0 ± 0.4°). Gao et al.54 reported that the decoration of N in
MIL-125(Ti) enhanced the hydrophobicity of the catalytic
surface to boost the water resistance for CH3CHO
degradation. Herein, the same phenomenon was also observed.
Therefore, according to the above analysis, the N doping
induced the formation of oxygen vacancies, and the improve-
ment of the hydrophobic angle might be the reason for the
better water resistance of N−Co3O4 and N−Co3O4−C for EA
oxidation.
3.5. Adsorption and Activation of EA

To better learn the adsorption−desorption and activation of
EA on the Co3O4 catalysts and the role of lattice and gaseous
oxygen species in EA oxidation, EA adsorption breakthrough
curves were obtained, and EA temperature-programmed
desorption and oxidation (EA−TPD and EA−TPO) were
performed. As shown in Figure 6a, the EA adsorption
breakthrough time of the as-prepared Co3O4 catalysts followed
the order Co3O4−C > N−Co3O4−C > Co3O4 > N−Co3O4.
Meanwhile, the adsorption capacity of these catalysts for EA
adsorption was also calculated according to the breakthrough
curves based on the formulas in our previous work.13 As
depicted in Figure 6b, Co3O4−C presented the highest EA
adsorption capacity (43.7 mg/g), followed by N−Co3O4−C
(24.1 mg/g), Co3O4 (10.4 mg/g), and N−Co3O4 (5.9 mg/g).
Apparently, compared with Co3O4 and N−Co3O4, the C-
doped samples, Co3O4−C and N−Co3O4−C, exhibited higher
EA adsorption capacity, which was ascribed to their high
surface area induced by C doping. Therefore, it could be
concluded that the doping of C in Co3O4−C and N−Co3O4−
C could improve the EA adsorption performance.

Figure 6. Breakthrough curve (a) of the Co3O4 catalysts for EA and the corresponding adsorption capacity (b); EA−TPD and EA−TPO profiles of
the Co3O4 catalysts: (c,e) EA concentration and (d,f) CO2 generation.
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Furthermore, the EA desorption behavior over the as-
prepared Co3O4 catalysts was investigated by EA−TPD after
adsorption saturation. Figure 6c,d displays the EA concen-
tration and CO2 yield during the TPD process. As presented in
Figure 6c, the EA desorption peaks over Co3O4, Co3O4−C,
N−Co3O4, and N−Co3O4−C were centered at 80, 85, 80, and
95 °C, respectively, which indicated that the C-doped samples,
Co3O4−C and N−Co3O4−C, exhibited stronger EA adsorp-
tion ability. Meanwhile, the EA desorption peak area also
confirmed the higher EA adsorption capacity of the C-doped
samples. Figure 6d depicts the generation of CO2 during the
TPD process. The generation of CO2 was attributed to the
reaction between adsorbed EA and lattice oxygen species. As
shown in Figure 6d, the initial CO2 generation temperature

over the as-prepared Co3O4 catalysts followed the order of N−
Co3O4−C < Co3O4−C < Co3O4 < Co3O4−N. Furthermore,
the generation of CO2 over Co3O4, Co3O4−C, N−Co3O4, and
N−Co3O4−C were centered at 320, 311, 320, and 292 °C,
respectively. This result suggested easier activation of the Co−
O bond in the C-doped samples, which was in accord with the
results of Raman spectra (Figure 1b) and EXAFS spectra
(Figure 3f). Additionally, the adsorption-saturated samples
were subjected to the TPO process under 5.0 vol% O2
balanced with an Ar atmosphere to investigate the gaseous
oxygen activation ability of the as-prepared Co3O4 catalysts. As
presented in Figure 6e, compared with the TPD process
(Figure 6c), the desorbed EA concentration in the TPO
process decreased greatly, indicating that the introduction of

Figure 7. In situ DRIFTS spectra for EA adsorption over Co3O4 (a), Co3O4−C (b), N−Co3O4 (c), and N−Co3O4−C (d) and the plots of IR
signal intensities of the surface-adsorbed EA (e), acetaldehyde (f), and acetate acid (g) over the as-prepared Co3O4 catalysts.
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gaseous oxygen species promoted the degradation of EA.
Furthermore, the high EA desorption temperatures and large
desorption peak areas also confirmed the great EA adsorption
ability of the C-doped samples. Figure 6f displays the CO2
generation over the as-prepared Co3O4 catalysts during the
TPO process. As shown in the enlarged pattern inset in Figure
6f, at the temperature below 100 °C, CO2 generation peaks
were observed in Co3O4−C and N−Co3O4−C, while Co3O4
and N−Co3O4 were not. Meanwhile, the strongest CO2
generation peak was observed in N−Co3O4−C, suggesting
its excellent gaseous oxygen activation ability at low temper-
atures. With an increase in the temperature, a large amount of

CO2 was produced. The positions of the CO2 generation peak
over Co3O4, Co3O4−C, N−Co3O4, and N−Co3O4−C were at
190, 180, 190, and 180 °C, respectively, which suggested better
gaseous oxygen activation of the C-doped samples. According
to the above analysis of EA adsorption, desorption, and
activation results over the as-prepared Co3O4 catalysts, it could
be concluded that the doping of C enhanced the adsorption of
EA, activated gaseous oxygen species, and weakened the Co−
O bond, which expedited EA degradation over the C-doped
samples. Additionally, the EA breakthrough curves of the as-
prepared Co3O4 catalysts and the corresponding adsorption
capacity in the presence of 5.0 vol% H2O, EA−TPD, and EA−

Figure 8. In situ DRIFTS spectra for EA oxidation at different temperatures over Co3O4 (a), Co3O4−C (b), N−Co3O4 (c), and N−Co3O4−C (d)
and the plots of IR signal intensities of the surface-adsorbed EA (e), acetate acid (f), formate (g), and methanol (h) over the as-prepared Co3O4
catalysts.
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TPO in the presence of 5.0 vol% H2O were also carried out
(Figure S21). The results showed that the introduction of
water vapor suppressed the adsorption of EA on the catalyst
surface and the activation of lattice oxygen and gaseous oxygen
species, which inhibited EA degradation. However, the doping
of N in N−Co3O4 and N−Co3O4−C could result in the
formation of oxygen vacancies, which might interact with water
vapor to produce extra active oxygen species, associatively
adsorbed water species, enhancing the water resistance of N−
Co3O4 and N−Co3O4−C for EA degradation. The detailed
analysis is listed in Figure S21.
3.6. Degradation Intermediates and Mechanism

Generally, the thermal desorption−gas chromatography−mass
spectrometer (TD−GC−MS) and in situ DRIFTS are the
efficient technologies to detect the VOC degradation
intermediate.55 Therefore, the EA degradation intermediates
produced over the as-prepared Co3O4 catalysts were
determined by TD−GC−MS and in situ DRIFTS spectra.
First, the gaseous intermediates generated during EA
degradation over the as-prepared Co3O4 catalysts were
detected via TD−GC−MS spectra. As shown in Figure S22,
except for EA, no other degradation intermediates were
detected over the as-prepared Co3O4 catalysts. Furthermore,
the in situ DRIFTS spectra were applied to explore the surface
EA degradation intermediates. Figure 7a−d presents the in situ
DRIFTS spectra for EA adsorption over the as-prepared Co3O4
catalysts, and the assignment of the adsorption peaks is
summarized in Table S8. Meanwhile, the intensity of surface-
adsorbed organic species during EA adsorption over the as-
prepared Co3O4 catalysts with time is depicted in Figure S23.
As presented in Figure 7a, the adsorption peaks at 2981 and
2936 cm−1 were ascribed to the C−H stretching vibration of
the −CH3 group in EA.56 The strong adsorption bands at 1702
and 1275 cm−1 were assigned to the C�O and C−O
vibrations of EA, respectively.57,58 Other peaks at 1474, 1377,
1092, and 1045 cm−1 were ascribed to the adsorption of EA
molecules.59,60 The presence of these peaks suggested the
successful adsorption of EA on the Co3O4 surface. Meanwhile,
the intensity of the EA adsorption peak enhanced with time.
Additionally, with increasing time, some new adsorption bands
at 1756 cm−1 (C�O stretching vibration of acetalde-
hyde),61,62 1572 cm−1 (asymmetric stretching vibration of
COO−),63 1417 cm−1 (symmetric stretching vibration of
COO−),64 and 1156 cm−1 (C−O vibration of vinyl
acetate)65,66 appeared, suggesting the formation of acetalde-
hyde, acetate acid, and vinyl acetate during EA adsorption.
These results suggested that the EA could efficiently adsorb on
the catalyst surface and decompose.
Similarly, the same adsorption bands could be observed on

the surface of Co3O4−C (Figure 7b), N−Co3O4 (Figure 7c),
and N−Co3O4−C (Figure 7d) after the adsorption of EA for
60 min. However, the intensities of these adsorption peaks
varies. Therefore, the intensity of EA (∼1701 cm−1),
acetaldehyde (∼1756 cm−1), and acetate acid (∼1572 and
1417 cm−1) over the as-prepared Co3O4 catalysts is plotted in
Figures 7e−g and S23. First, for the adsorption of EA, as
shown in Figures 7e and S23, EA adsorption performance over
the Co3O4 catalysts followed the order of Co3O4−C > N−
Co3O4−C > Co3O4 > N−Co3O4, which was consistent with
the results of the EA breakthrough curve, further suggesting
the great adsorption performance of the C-doped samples.
Meanwhile, the adsorption peak intensity of EA over the C-

doped samples decreased slightly after 40 min, suggesting the
degradation of EA. Furthermore, the increased intermediate
(acetaldehyde and acetate acid) peak intensity (Figures 7f,g
and S23) also confirmed the degradation of EA during the
adsorption process at 30 °C. Therefore, the in situ DRIFTS EA
adsorption spectra results suggested that the C-doped samples
presented the optimal adsorption performance, and the
adsorbed EA could be degraded with adsorption time.
Additionally, the in situ DRIFTS spectra for EA adsorption
over the as-synthesized Co3O4 catalysts were also investigated
(Figures S24 and S25) under humid conditions (5.0 vol%
H2O). The results also suggested that the introduction of water
vapor greatly suppressed EA adsorption on the catalyst surface,
which was consistent with the EA adsorption breakthrough
curves in the humid condition (Figure S21a).
Figure 8a−d displays the in situ DRIFTS spectra of EA

oxidation over the as-prepared Co3O4 catalysts under the
condition of 1000 ppm EA + 20.0 vol% O2 balanced with Ar at
different temperatures. The assignment of the adsorbed bands
related to the degradation intermediates is summarized in
Table S9. For Co3O4, with the increase of reaction temper-
ature, the adsorption bands at 2986, 2935, 1704, 1379, 1279,
and 1046 cm−1, which were assigned to the adsorption of EA,
were weakened and disappeared. Meanwhile, new adsorption
bands related to EA degradation intermediates were observed
on the catalyst surface, such as acetaldehyde (1771 and 1757
cm−1),61,62 ethylene (1670 cm−1),65 acetate acid (1550, 1444,
and 1242 cm−1),63,64,67 ethanol (1340, 1098, and 1027
cm−1),68,69 formate (1316 cm−1),61,70 vinyl acetate (1161
cm−1),65,66 and methanol (1027 cm−1).61,71 Furthermore, the
adsorption peak intensity of the surface-adsorbed species is
plotted in Figure S26a. The adsorption peak intensity of the
intermediates increased gradually with temperature, suggesting
the accumulation of EA degradation intermediates on the
Co3O4 surface. Among these degradation intermediates,
acetate acid was the dominant surface intermediate due to its
intense characteristic bands, suggesting that the further
degradation of acetate acid was the rate-determining step for
EA oxidation.61 Figure 8b−d presents the in situ DRIFTS
spectra of EA degradation over Co3O4−C, N−Co3O4, and N−
Co3O4−C, respectively, and the corresponding adsorption
bands intensity of the intermediates is plotted in Figure S26a−
d. Similar phenomena in which the intensity of EA adsorption
peaks was weakened as temperature increased, accompanied by
the enhancement peak intensity of the degradation inter-
mediates (acetaldehyde, acetate acid, ethanol, formate, and
methanol), were observed. Therefore, according to the results
presented above, the EA degradation mechanism and pathway
were obtained. First, EA was adsorbed on the catalyst surface.
Then, the adsorbed EA molecules were oxidized to ethanol and
acetaldehyde and further to acetate acid. After that, the C−C
bond of the adsorbed acetate acid species broke to form
formate and methanol and finally oxidized to CO2 and H2O.
To further reveal the difference of EA degradation

intermediates over the as-prepared Co3O4 catalyst surface,
the adsorption peak intensity of EA and the key intermediate
species (acetate acid, formate, and methanol) is plotted in
Figure 8e,f according to the in situ DRIFTS spectra. For EA, as
shown in Figure 8e, as the temperature increased, EA
adsorption peak intensity weakened gradually and disappeared.
The disappearance of the EA adsorption band over N−
Co3O4−C was observed at 160 °C while at 180 °C for the
other three catalysts, suggesting the optimal EA degradation

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c01146
JACS Au 2025, 5, 363−380

374

https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01146/suppl_file/au4c01146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01146/suppl_file/au4c01146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01146/suppl_file/au4c01146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01146/suppl_file/au4c01146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01146/suppl_file/au4c01146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01146/suppl_file/au4c01146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01146/suppl_file/au4c01146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01146/suppl_file/au4c01146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01146/suppl_file/au4c01146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01146/suppl_file/au4c01146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01146/suppl_file/au4c01146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01146/suppl_file/au4c01146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01146/suppl_file/au4c01146_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


performance of N−Co3O4−C. As shown in Figure 8f, on the
surface of Co3O4 and N−Co3O4, the adsorption peak intensity
of acetate acid increased gradually with temperature, while
acetate acid intensity enhanced first and then weakened over
Co3O4−C and N−Co3O4−C. It had been reported that the
degradation of acetate acid was the rate-determining step for
EA oxidation.61 Therefore, the inferior catalytic performances
of Co3O4 and N−Co3O4 might be ascribed to the occupation
of surface active sites by the acetate acid species, which
inhibited EA degradation. As for the C-doped samples,
although the generation of acetate acid was first accumulated
and then degraded over Co3O4−C and N−Co3O4−C surfaces,
the different degradation temperatures were observed. Namely,
the initial temperature for the decrease of acetate acid
adsorption band intensity over Co3O4−C was observed at
180 °C while 160 °C for N−Co3O4−C, suggesting the easier
degradation of acetate acid over the C, N-codoped N−
Co3O4−C. Figure 8g,h plots the peak intensity of formate and
methanol generated during EA oxidation. Compared with the
gradual occupation of formate and acetate acid species on
Co3O4 and N−Co3O4 surfaces, the intermediates on Co3O4−
C (methanol) and N−Co3O4−C (formate and methanol) were
first increased and then decreased, which also confirmed the
better catalytic performance of the C-doped Co3O4−C and
N−Co3O4−C. Notably, compared with Co3O4−C, acetate acid
decomposition intermediates, formate and methanol, were
easier to form and degrade on the N−Co3O4−C surface,
suggesting that the breaking of the C−C bond of acetate acid

and the activation of O2 to form active oxygen species over the
N−Co3O4−C surface were effortless. Furthermore, the easier
activation of O2 over N−Co3O4−C could also be confirmed by
the results of TPO (Figure 6e,f). According to the results
presented above, it could be inferred that the introduction of C
could promote the formation of acetate acid, the key
intermediate of EA, and the introduction of N enhanced the
breaking of the C−C bond in acetate acid and accelerated the
decomposition and oxidation of EA, namely, the rate-
determining step of EA, which boosted EA degradation.
Therefore, the C, N codoping of N−Co3O4−C presented the
optimal EA degradation performance based on the synergistic
effect of N, C codoping. Furthermore, the effect of water vapor
on EA degradation intermediates over the as-prepared Co3O4
catalysts was also investigated via in situ DRIFTS (Figures S27
and S28). The results suggested that the introduction of water
vapor did not influence the EA degradation pathway.
Additionally, during EA degradation over Co3O4 and
Co3O4−C in the presence of 5.0 vol% H2O, the introduction
of water vapor in the reaction system suppressed the activation
of gaseous oxygen species, which resulted in the accumulation
of the key EA degradation intermediate, acetate acid, on the
catalyst surface, occupying the active sites and inhibiting EA
degradation. For EA oxidation over N−Co3O4 and N−
Co3O4−C, although the water vapor inhibited the activation
of gaseous oxygen species, the N-doping-induced oxygen
vacancies could interact with water vapor to generate extra
active oxygen species (Figure 5e), which promoted the

Figure 9. DFT calculations for the adsorption energy of EA (a), H2O (b), and O2 (c) over the Co3O4 catalysts and the bond length of O−O after
O2 adsorption (d); the calculated energetic routes of EA adsorption and dissociation to ethanol and acetate acid and acetate acid adsorption and
dissociation to methanol and formate over Co3O4 and Co3O4−C (e,g) and N−Co3O4 and N−Co3O4−C (f,h).
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degradation of EA degradation intermediates, weakening the
inhibition of H2O on EA degradation.
3.7. Theoretical Calculations

To further investigate the EA adsorption behavior, water
resistance and the O2 adsorption energy over the as-prepared
Co3O4 catalysts were calculated. Based on the HRTEM results,
the (311) and (220) crystal faces of Co3O4 were exposed on
the catalyst surface. Furthermore, the doping-induced defects
were found in the (220) crystal face. Therefore, four model
structures of Co3O4, Co3O4−C, N−Co3O4, and N−Co3O4−C
with the exposed (220) crystal facet were constructed (Figure
S29) to calculate the adsorption energy of EA, H2O, and O2
based on the density functional theory (DFT). As shown in
Figure 9a, the adsorption energies of EA over Co3O4, Co3O4−
C, N−Co3O4, and N−Co3O4−C were −2.23, −4.31, −1.56,
and −2.55 eV, respectively, suggesting that the C-doped
samples possessed the optimal EA adsorption energy, which
was consistent with the TPD and TPO results. Meanwhile, the
result of the EA adsorption energy further confirmed the
enhancement of EA adsorption via the C-doping strategy.
Figure 9b displays the H2O adsorption energy over that of the
as-prepared Co3O4 catalysts. The H2O adsorption energies
over Co3O4, Co3O4−C, N−Co3O4, and N−Co3O4−C were −
1.60, −1.02, −0.88, and −0.70 eV, respectively. Apparently, the
N-doped samples, N−Co3O4 and N−Co3O4−C, presented a
low H2O adsorption energy, which suggested that the doping
of N weakened the adsorption of H2O on the catalyst surface.
As mentioned in the water-resistance test (Figure 5a−d),
compared with Co3O4 and Co3O4−C, the doping of N in N−
Co3O4 and N−Co3O4−C greatly enhanced their water
resistance for EA degradation under humid conditions.
Meanwhile, the hydrophobicity of the N-doped samples was
improved (Figure 5f). Therefore, in combination with the
results of the calculated H2O adsorption energies, it could be
concluded that the N doping improved the hydrophobicity and
weakened the adsorption of H2O on the catalyst surface, which
enhanced the water resistance of N−Co3O4 and N−Co3O4−C
for EA degradation under humid conditions.
Furthermore, the adsorption energies of O2 over the as-

prepared Co3O4 catalysts were also calculated, and the length
of the O−O bond after adsorption was also measured.
Furthermore, the longer the O−O bond, the easier the
activation of the adsorbed gaseous oxygen molecules. As
shown in Figure 9c, the largest O2 adsorption energy was
observed in N−Co3O4−C (−3.96 eV), followed by Co3O4−C
(−1.75 eV), Co3O4 (−1.31 eV), and N−Co3O4 (−0.79 eV).
Meanwhile, after adsorption, the O−O bond length (Figure
9d) over Co3O4, Co3O4−C, N−Co3O4, and N−Co3O4−C was
1.486, 1.489, 1.473, and 1.508 Å, respectively. Apparently,
compared with Co3O4 and N−Co3O4, the C-doped samples
presented large O2 adsorption energies and long O−O bond
lengths, especially N−Co3O4−C possessed the largest O2
adsorption energy and the longest O−O bond length. This
result suggested that the C, N codoping enhanced the
adsorption and activation of gaseous oxygen over N−
Co3O4−C, which was consistent with the EA degradation
performance (Figure 4a) and TPO results (Figure 6f).
Therefore, according to the above analysis of DFT calculation
results, the enhancement of EA adsorption via C doping, the
weakening of H2O adsorption to improve the water resistance
via N doping, and C, N codoping boosted the O2 adsorption
and activation could be concluded. Therefore, the synergistic

effect of C, N codoping to improve the EA degradation over
N−Co3O4−C under humid conditions could be inferred.
As mentioned in the in situ DRIFTS spectra for EA

oxidation over the as-prepared Co3O4 catalysts (Figure 8),
acetate acid was the key intermediate for EA degradation.
Therefore, the adsorption and dissociation of EA molecules to
form acetate acid and the adsorption and dissociation of
acetate acid were calculated. To simplify the calculation, the
single-layer model structure of the catalysts was used to
calculate the Gibbs free energy change (ΔG). Figure 9e,f
presents the ΔG of EA adsorption and dissociation [C4H8O2
→ C4H8O2* → (CH3CH2O•+ CH3COO•)* → (CH3CH2OH
+ CH3COOH)*] over the as-synthesized Co3O4 catalysts. As
shown in Figure 9e,f, the EA molecule dissociated on the
surface of Co3O4, Co3O4−C, N−Co3O4, and N−Co3O4−C
needed to overcome the ΔG values of 1.19, 0.57, 1.46, and
0.47 eV, respectively. This suggested the easier degradation of
EA over the C-doped samples, N−Co3O4−C and Co3O4−C,
followed by Co3O4 and N−Co3O4, which was consistent with
the performance test (Figure 4a). Furthermore, the ΔG of
acetate acid adsorption and dissociation [C2H4O2 → C2H4O2*
→ (CH3O•+ HCOO•)* → (CH3OH + HCOOH)*] over the
Co3O4 catalysts was also calculated (Figure 9g,h). The
dissociation of acetate acid over Co3O4, Co3O4−C, N−
Co3O4, and N−Co3O4−C needed to overcome the ΔG values
of Co3O4, Co3O4−C, N−Co3O4, and N−Co3O4−C, which
were 1.05, 0.81, 1.39, and 0.74 eV, respectively. This result
indicated the easier decomposition of acetate acid over N−
Co3O4−C and Co3O4−C, followed by Co3O4 and N−Co3O4,
which was consistent with the in situ DRIFTS spectra for EA
oxidation (Figure 8). Therefore, combined with the character-
izations and the DFT calculations, it could be concluded that
the C doping weakened the Co−O bond and played an
important role in EA and the key intermediate of EA, acetate
acid, degradation.
3.8. Synergistic Effect of N, C Codoping for EA Oxidation
under Humid Conditions

According to the above physical-chemical characterizations,
activity tests, in situ DRIFTS spectra results, and DFT
calculations, the synergistic effect of N, C codoping to enhance
EA degradation over N−Co3O4−C was proposed. First, the
doping of C weakened the Co−O bond (Figures 1b and 3f)
and increased the surface area (Figure S4), which improved
the reducibility, mobility, and activation of the lattice oxygen
species (Figure 3g,h) and the adsorption of EA (Figures 6, 7,
and 9a). Meanwhile, the adsorbed EA was dissociated to form
ethanol and acetaldehyde, which were further oxidized to
acetate acid (key intermediate) accumulated on the catalyst
surface (Figures 7 and 8). Then, the doping of N in N−
Co3O4−C further boosted the reducibility (Figure 3g) of the
N, C-codoped catalyst, increased the surface oxygen vacancies
concentration, improved the hydrophobicity, weakened the
adsorption of water vapor on the catalyst surface (Figure 9b),
and promoted the adsorption and activation of gaseous oxygen
species (Figure 9c,d). Meanwhile, the interaction between
surface oxygen vacancies and water vapor could induce the
formation of extra active oxygen species, associatively water
species, which improved the water resistance (Figure 5) and
the cleavage of the C−C bond in acetate acid, promoting EA
degradation (Figure 8). Based on the analysis presented above
and the results of in situ DRIFTS spectra, the mechanism of
the synergistic effect of N, C codoping to boost EA
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degradation and the EA degradation pathway are summarized
in Scheme 1. As shown in Scheme 1, first, the EA molecules

were absorbed on the C sites in the catalyst surface and
oxidized to ethanol, acetaldehyde, and further to acetate acid.
Then, N sites adsorbed and activated gaseous oxygen
molecules to form active oxygen species, which would attack
the C−C bond of acetate acid to generate methanol and
formate, accelerating the degradation of EA. Under the
synergistic effect of N and C, EA was rapidly degraded on
N−Co3O4−C.

4. CONCLUSIONS
In summary, the C, N-codoped N−Co3O4−C catalyst was
successfully prepared via a simple hydrothermal-calcination
method and applied for the catalytic degradation of EA.
Compared with the undoped and C- or N-doped catalysts, the
C, N-codoped sample presented optimal EA degradation
performance (T90 = 177 °C) and water resistance (5.0 vol%).
The N−Co3O4−C catalyst demonstrated great low-temper-
ature redox ability, more surface Co3+ and Oads species, and
better lattice species mobility. Additionally, characterization
and DFT calculation results suggested that the C doping
weakened the strength of the Co−O bond and increased the
surface area, resulting in the enhancement of lattice oxygen
species activation and mobility. The doping of N improved the
hydrophobicity, weakened the adsorption of water vapor on
the catalyst surface, and improved the adsorption and
activation of gaseous oxygen species, leading to great water
resistance and the deep oxidation of the key intermediates.
Importantly, in situ DRIFTS results exhibited that the doped C
sites adsorbed and dissociated EA molecules to form ethanol
and acetaldehyde species, which were further oxidized to
acetate acid by the lattice oxygen species and accumulated on
the catalyst surface. Subsequently, the N sits on the catalyst
surface, adsorbing and activating gaseous oxygen species to
form active oxygen species, which attacked and broke the C−C
bonds of acetate acid species to accelerate the deep oxidation
of EA. Therefore, the improvement of EA catalytic perform-
ance over the C, N-codoped N−Co3O4−C catalyst for EA
degradation was the result of the synergistic effect of C and N
codoping. This work provided a new strategy for the
preparation of high-performance catalysts via C,N codoping
for low-temperature VOC degradation under humid con-
ditions.
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