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a b s t r a c t

Volatile organic compound (VOC) pollution has a serious impact on human and urgently needs to be

controlled through the development of new methods and catalytic materials. Compared with traditional

thermal catalytic oxidation, the synergistic photothermocatalysis is regarded as a green and environmen-

tally friendly strategy for organic compound pollutant removal, which can promote spontaneous heating

of the surface of catalysts to achieve thermal catalytic reaction conditions via harvesting light irradia-

tion. In this paper, a monolithic photothermocatalyst was synthesized through coating graphene oxide

(GO) and MnOx in turn on a commercially available melamine sponge, where the GO mainly acted as a

photothermal conversion layer to heat the catalytically active MnOx. This monolithic catalyst presented

excellent photo-induced activity for formaldehyde elimination under ambient conditions (∼ 90% degrada-

tion ratio in 20 min for ∼160 ppm initial concentration formaldehyde), and meanwhile possessed a high

catalytic durability for multiple cycles. The kinetic study demonstrated that this photothermocatalytic

process followed a pseudo-second-order kinetics. Finally, we proposed a possible formaldehyde degrada-

tion pathway based on in situ DRIFTS examination.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Recently, increasing attention has been focused on volatile or-

ganic compound (VOC) pollution, which can cause serious environ-

mental pollution and human health problems [1]. Various strate-

gies have been developed, but it still remains tremendous chal-

lenges to effectively and energy-saving eliminate VOCs. For exam-

ple, traditional regenerative thermal oxidation (RTO) and regen-

erative catalytic oxidation (RCO) technologies need extra energy

consumption to maintain the furnace temperature (generally >

500 °C) [2]. Other methods, including ultraviolet photocatalysis and

biological methods, also require large amounts of electric energy

to provide intensive ultraviolet light or drive massive biological

reactors to achieve an ideal VOC removal efficiency [3–5]. There-

fore, it is urgent to develop green and environmentally friendly ap-

proaches to meet the current global environmental theme of car-

bon neutrality and minimum carbon consumption.

The synergistic photothermocatalysis has been considered to

be an efficient and low-carbon technology for removal of VOCs,

in which the catalyst with photothermal property can be sponta-
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neously self-heated under light illumination to drive thermocataly-

sis process [6]. Apparently, this photothermocatalysis possesses the

advantages of both photocatalysis and thermocatalysis. It enables

the catalyst to be activated by using of natural light source with-

out extra energy consumption. However, the photothermal effect

of transition metal oxide (TMO) catalysts mainly originates from

the non-radiative recombination of electron-hole pairs produced

by the d-d transition of metal ions upon the absorption of pho-

tons [7–9]. Because of the relatively large d-orbital splitting en-

ergy, TMOs can absorb UV-vis and partial infrared light, resulting

in an inefficiently photothermal conversion [10,11]. To further im-

prove the conversion from photo-energy to thermo-energy, black

carbonaceous materials with superior photothermal property, like

graphene or graphene oxide (GO), have been introduced [12,13].

Their good near-infrared absorption properties make the surface

temperature rise quickly, enabling the modified TMOs to overcome

the reaction energy barrier for typical VOC oxidation.

In this paper, we fabricated a monolithic catalyst through pre-

cipitating GO and MnOx on a commercially available melamine

sponge, and studied its photothermocatalytic activity for abate-

ment of formaldehyde (HCHO) that is one of the most prevalent

VOC pollutants, and its main source is its wide use in the spraying,
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Fig. 1. Synthetic procedure (A) and SEM images (B) of sponge, sponge-Mn, sponge-G and sponge-G-Mn samples.

textile, wood processing and chemical production industries [14].

The developed three-dimensional (3D) porosity of sponge is favor-

able for mass transfer during the catalytic process and dispersing

catalytic active materials to avoid their aggregation. Manganese ox-

ide was selected as the active substance for HCHO oxidation due

to its high concentration of oxygen vacancies and plentiful valence

states, which endow it with excellent redox performance [15,16].

GO was used not only to convert photo-energy to thermo-energy,

but also as a reductant medium to increase the loading of man-

ganese oxide. We systematically characterized the physicochemical

properties of this monolithic catalyst via different techniques and

investigated its photothermocatalytic behaviors for HCHO degra-

dation, including degradation efficiency, reaction kinetics, catalytic

durability and photothermocatalytic mechanism.

The synthesis procedure of the monolithic catalyst was shown

in Fig. 1A. Firstly, 0.16 g GO was dispersed in 20 mL of distilled

water by sonication to form a homogeneous GO suspension. Then,

a melamine sponge (white) with a size of 2.5 × 2.5 × 2.5 cm3 was

completely immersed into the GO suspension with the assistance

of ultrasound treatment for 10 min. After that, the sponge was re-

moved and dried naturally at room temperature, which was named

as sponge-G (gray). This sponge-G was then immersed into the

0.025 mol/L KMnO4 solution, after which it was heated at a tem-

perature of 60 °C for 5 h. After being washed with distilled water

and dried overnight, the monolithic sponge-G-Mn catalyst (black)

was finally obtained. Similarly, the sponge-Mn sample (brown) was

prepared via directly immersing a sponge without GO modifica-

tion into KMnO4 solution under other identical conditions. Potas-

sium permanganate, graphene oxide (> 99.9%) were all supplied by

Sinopham Chemical Reagent Co., Ltd. and used as obtained. Cata-

lyst characterizations and photothermocatalytic tests were listed in

Supporting information.

Fig. 1B exhibited the surface morphology evolution of melamine

sponge after loading GO and MnOx by the scanning electron micro-

scope (SEM) technique. The pristine sponge possessed an intercon-

nected porous network with a clean and smooth skeleton surface.

No evident change was observed after coating GO on the sponge,

which could be ascribed to the ultrathin 2D nanosheet-like mor-

phology of GO and its homogeneous cover. Through redox reac-

tion between KMnO4 and the sponge-G or the pristine sponge, it

was clearly found that the surface of sponge became rough due to

the MnOx precipitation. Compared to the sponge-Mn, more MnOx

particles were modified on the surface of the sponge-G-Mn sam-

ple. This result demonstrated that the GO layer was benefit to the

MnOx loading.

Energy dispersive X-ray spectroscopy (EDS) was employed

to further prove the formation of the sponge-G-Mn structure

(Fig. 2A). Five elements, C, N, K, Mn and O were checked, and their

distributions in elemental mappings were highly uniform, suggest-

ing GO and MnOx were successfully loaded on the sponge skeleton.

Fig. 2B shows the XRD patterns of different sponge samples. The

characteristic peak at approximately 10° was ascribed to graphene

oxide [17], which was observed on the sponge-G and sponge-G-

Mn samples. For the sponge-G-Mn sample, another two diffrac-

tions at the 2θ values of 36.5° and 65.5° were indexed to the

(100) and (110) planes of an Akhtenskite MnOx phase (JCPDS No.

30-0820). However, these characteristic peaks became indistinct in

the sponge-Mn sample, which might be due to the low loading

content. The weight percent of Mn is 12.403% and 1.2838% for

catalyst sponge-G-Mn and sponge-Mn tested by inductively cou-

pled plasma atomic emission spectrometry (ICP-AES). The trans-

mission electron microscopy (TEM) image of surface particles on

the sponge-G-Mn sample (Fig. 2C) also demonstrated a d-spacing

of 0.45 nm, matching the interlayer distance of the (100) facet of

the MnOx crystal [18,19].

X-ray photoelectron spectroscopy (XPS) was used to analyze

the state of the surface elements (Fig. 3). The C 1s spectra of

the sponge-G, sponge-Mn and sponge-G-Mn samples (Figs. 3A-

C) presented four main components at 284.7, 286.9, 287.7 and

288.9 eV, which were assigned to C-C/C=C (unoxidized, aromatic

sp2 structures), C-O (epoxy and alkoxy), C=O (carbonyl) and O-

C=O (carboxyl) groups [20], respectively. Compared to the sponge-

G, the proportions of oxygen-containing species in the sponge-G-

Mn sample decreased dramatically, indicating that MnOx was pro-

duced from the redox reaction between KMnO4 and these oxygen-

containing groups on GO [21,22]. Considering the absence of GO

in the sponge-Mn, the oxygen-containing species should originate

from the oxidation of sponge skeleton by KMnO4. In addition, the

O-C=O peak in the sponge-Mn shifted to lower binding energy

than those in other two sponge samples. It could be ascribed to

the exposed sponge framework without GO coating, where the

carbon atom in C-N conjugated skeleton has a binding energy of

288.4 eV [23]. Two characteristic peaks with a splitting energy

of 11.6 eV were revealed in the Mn 2p spectra (Fig. 3D), which

were respectively assigned to Mn 2p3/2 (641.8 eV) and Mn 2p1/2

(653.4 eV), well agreeing with that of tetravalent Mn ion in MnO2

[24,25]. The deconvoluted O 1s spectra of the sponge-G, sponge-

Mn and sponge-G-Mn samples (Fig. 3E) displayed three peaks at

529.6, 531.2 and 532.6 eV, which could be indexed to lattice oxy-

gen (Olat, Mn-O-Mn) [21,26], surface oxygen (Osuf, Mn-OH) [27,28]

and C–O/C=O groups [21], respectively. The sponge-G-Mn had a

much higher Olat proportion than the sponge-Mn, implying that

much more MnOx was modified on the sponge [25,29]. In addition,

an electron spin resonance (ESR) experiment (Fig. S1 in Support-

ing information) also confirmed the presence of a large number of

oxygen vacancies on the surface of sponge-G-Mn, which is caused

by the massive formation of MnOx on GO surface.

Photothermocatalytic activity of these monolithic sponge cata-

lysts were evaluated by degrading HCHO (∼160 ppm) under ambi-

ent temperature using 300 W xenon light. As shown in Fig. 4A, the
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Fig. 2. (A) EDS-mapping test of sponge-G-Mn sample. (B) XRD patterns of sponge, sponge-G, sponge-Mn and sponge-G-Mn samples. (C) HR-TEM images of sponge-G-Mn

sample.

Fig. 3. XPS spectra of the C 1s spectra of (A) sponge-G, (B) sponge-Mn, (C) sponge-G-Mn. (D) The Mn 2p spectra of sponge-Mn and sponge-G-Mn. (E) The O 1s spectra of

sponge-G, sponge-Mn, sponge-G-Mn.

HCHO concentration did not obviously change in the blank experi-

ment (without catalyst), indicating the photo-stability of HCHO. For

the sponge and sponge-G samples, a slight decrease in HCHO con-

centration resulted from physical adsorption. The sponge-Mn sam-

ple exhibited a degree of HCHO removal performance due to the

surface MnOx. HCHO oxidation over TMO catalysts is well known

to follow a metal-assisted Mars-van Krevelen (MvK) mechanism, in

which the surface OH− groups and lattice oxygen concentrations

act as main factors for determining catalyst performance [30,31].

However, the relatively weak photothermal conversion of MnOx in-

duced a low surface temperature of catalyst and then suppressed

the activation of surface lattice oxygen. After inducing the GO

layer onto the sponge skeleton, the surface temperature of cata-

lyst would be significantly improved due to the well photothermal

conversion ability of GO, therefore promoting the surface oxygen

activation on MnOx. Thus, an excellent performance of HCHO re-

moval was observed on the sponge-G-Mn sample, the HCHO con-

centration decreasing rapidly during the first 5 min and ultimately

stabilizing at approximately 90%. Fig. 4B displayed the influence of

irradiations with different wavelength ranges on the HCHO conver-

sion on the sponge-G-Mn catalyst. The HCHO removal ratio in the

absence of light illumination was similar to the adsorption effect

of the sponge and sponge-G sample, indicating the sponge-G-Mn

sample had little activity for HCHO oxidation without light. The

slight increase of the HCHO removal ratio under UV-vis should be

attributed to the weak photocatalytic activity of MnOx. With pres-

ence of near infrared (NIR) light, the elimination efficiency was

greatly improved, and under UV-vis-NIR illumination the sponge-

G-Mn presented the best catalytic activity, which provided a pos-

sibility for utilization of the whole sunlight spectrum to purify air.

To reveal the origin of catalytic activity enhancement under

light irradiation, we studied the optical properties of these sponge

catalysts (Fig. 4C). Due to the presence of GO, the sponge-G-

Mn catalyst possessed intensive absorption in the whole spectral

region, as shown in the UV-vis-NIR diffuse-reflectance spectrum

(DRS). This result was consistent with the rising tendency of sur-
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Fig. 4. (A) Catalytic performance of modified sponge catalysts for HCHO elimination under xenon light irradiation. (B) Catalytic performance of sponge-G-Mn catalyst for

HCHO elimination under irradiation with different wavelength ranges. (C) UV–vis-NIR DRS profiles of sponge, sponge-G, sponge-Mn, sponge-G-Mn samples. (D) Degrees of

catalyst surface temperature increase for sponge, sponge-G, sponge-Mn, sponge-G-Mn samples. (E) Reusability testing for the sponge-G-Mn catalyst.

Table 1

Apparent rate constants of HCHO degradation from pseudo-first-order and

pseudo-second-order models.

Sample

Pseudo-first-order kinetics Pseudo-second-order kinetics

k1 (min−1) R2 k2 (ppm−1 min−1) R2

Sponge 2.93 × 10−2 0.7878 2.33 × 10−4 0.8259

Sponge-G 2.94 × 10−2 0.7223 2.34 × 10−4 0.7531

Sponge-Mn 5.57 × 10−2 0.9387 5.24 × 10−4 0.9791

Sponge-G-Mn 1.63 × 10−1 0.9191 3.61 × 10−3 0.9956

face temperature (Fig. 4D). After illumination with xenon light for

18 min, the surface temperature of the sponge-G-Mn was rapidly

increased to ∼70 °C similar to the sponge-G sample, much higher

than those of the bare sponge and the sponge-Mn. This result indi-

cated the temperature enhancement was mainly contributed from

the NIR absorption by the GO layer [32]. The significantly increased

surface temperature by absorption of NIR undoubtedly promoted

the activation of MnOx to improve the HCHO oxidation.

Fig. 4E depicted the recycling experiment results of the sponge-

G-Mn catalyst to verify a practical performance for HCHO removal.

For five successive runs, the HCHO degradation efficiency in every

test was almost the same as that in the first test, which suggested

that this sponge-G-Mn catalyst had a superior catalytic durabil-

ity for HCHO removal under light irradiation. The XRD parttens

also exhibited that there was no significant difference between the

used sponge-G-Mn and brand new sponge-G-Mn (Fig. S2 in Sup-

porting information).

The kinetics of the photothermocatalytic process were investi-

gated using the pseudo-first-order (Eq. 1) and pseudo-second-order

(Eq. 2) models [5]:

ln(C/C0) = − k1t (1)

(1/C) − (1/C0) = k2t (2)

In these formulas, t is the irradiation time, C0 and C represent

the initial HCHO concentration and the HCHO concentration after t

min of irradiation, respectively, and k1 and k2 are the apparent rate

constants of pseudo-first-order kinetics and pseudo-second-order

kinetics, respectively. As shown in Fig. S3 (Supporting informa-

tion) and Table 1, the correlation coefficient (R2) indicates that the

pseudo-second-level model is more suitable for describing the cat-

alytic process of HCHO removal than the pseudo-first-level model.

The calculated k2 value of sponge-G-Mn was 3.61 × 10−3 ppm−1

min−1, which was 6.90, 15.43 and 15.49 times higher than those

of sponge-Mn, sponge-G and sponge, respectively. This kinetic con-

stant value exceeded those of the traditional indoor TiO2 photocat-

alysts such as rGO/TiO2 [33] and Fe/TiO2 [34] reported in the liter-

atures, indicating the excellent formaldehyde removal performance

of the sponge-G-Mn catalyst.

To study the mechanism of the photothermocatalytic oxidation

of HCHO over sponge-G-Mn catalysts, in situ DRIFTS with light il-

lumination was conducted. Fig. 5 illustrated several characteris-

tic peaks at 1456, 1508, 1520, 1623, 2336, 2365 and 3634 cm−1.

Among them, the absorptions at 1456 and 1520 cm−1 were re-

spectively related to the stretching vibrations of dioxymethylene

(DOM) and formate (HCOO−) species, both of which were main in-

termediates during the HCHO oxidation process [35,36]. The peaks

at 1508 and 1623 cm−1 were ascribed to carbonate species, in ac-

cordance with the peaks at 2336 and 2365 cm−1 that belonged to

CO2, confirming that HCOO− was further oxidized into carbonate

and CO2 [30,37]. With the prolongation of reaction time, the in-

tensity of these vibration peaks increased gradually, indicating that

the oxidation HCHO became gradually intense. Meanwhile, a nega-

tive band at 3634 cm−1 resulted from the consumption of surface

metal-OH groups [38,39], suggesting that Mn-OH participated in

the reaction as an adsorption site of HCHO molecule through hy-

drogen bonding.

Finally, a plausible mechanism for HCHO oxidation over sponge-

G-Mn was proposed. The surface MnOx loaded on the sponge

could oxidize HCHO at room temperature, but the oxidation effi-

ciency was limited due to the lack of external energy input. How-

ever, the surface temperature would quickly increase because of

the effective near-infrared absorption of GO, which ultimately acti-

vated surface lattice oxygen (Mn-O) to induce the MvK mechanism

for HCHO oxidation [40]. As revealed in Fig. 5, HCHO molecules

(reactants) were firstly adsorbed onto -OH groups through hydro-

gen bonding. After that, the lattice oxygen formed by the activa-

tion of the M-O bond attacked the adjacent electrophilic C atoms

of the adsorbed HCHO molecule, thereby producing DOM interme-

diates, which were rapidly oxidized and converted into formates

(intermediates) [41]. These intermediate products would be fur-

ther oxidized to CO2 and H2O. The consumed lattice oxygen would
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Fig. 5. In situ DRIFTS of the HCHO reaction on the sponge-G-Mn catalyst under xenon light irradiation and reaction mechanism of formaldehyde.

form oxygen vacancies, which could be replenished by dioxygen

molecules in air and maintain catalyst reusability.

In summary, this monolithic sponge-G-Mn catalyst was success-

fully synthesized by a facile in situ growth method and exhibited

excellent HCHO removal efficiency at room temperature with as-

sistance of light irradiation. With the addition of GO, the load-

ing capacity of MnOx on the skeleton of sponge was significantly

increased, which endowed this common melamine sponge with

good indoor HCHO removal properties. Furthermore, the absorp-

tion of NIR light by GO promoted the increase of surface temper-

ature and induced an MvK mechanism on MnOx for HCHO oxida-

tion. The monolithic catalyst could efficiently eliminate HCHO and

meanwhile possessed a high catalytic durability for long-time use.

The in situ DRIFTS experiments showed that HCHO was firstly ox-

idized to DOM and formate and was eventually oxidized to CO2

and H2O as the reaction continues. This sponge-G-Mn composite

can act as a cost-effective catalyst for formaldehyde oxidation and

has huge application prospects in other gaseous pollutant removal

reactions.
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