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a b s t r a c t

Solar interfacial evaporation (SIE), is currently one of the most potential water supply technologies in the

remote, insular, and disaster-stricken areas. However, the existence of volatile organic compounds (VOCs)

in water deteriorates the distillate quality, threatening human health. Herein, we constructed a carbon-

based bimetallic (C/FeCo) photothermal membrane by electrospinning technique. Results illustrated that

the membrane can catalytically degrade VOCs during SIE with persulfate (PDS) mediation. PDS, as well

as phenol, was mainly reacted on the interface of the photothermal membrane instead of in the bulk

solution. The interception efficiency of phenol achieved nearly 100% using the C/FeCo membrane during

SIE. Hydroxyl radical (•OH), sulfate radical (SO4
•−), superoxide radical (O2

•−), and singlet oxygen (1O2)

were identified as the main active substances to degrade VOCs. We also conducted SIE experiments us-

ing actual river water to evaluate the practical performance of the C/FeCo membrane. This work holds

the promise of VOCs interception during SIE and enlarges the application of solar distillation in wa-

ter/wastewater treatment.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Solar interfacial evaporation (SIE), the most efficient technol-

ogy of solar distillation [1], is currently one of the most hope-

ful and sustainable water supply strategies in the remote, insu-

lar, and disaster-stricken areas where energy lacks [2,3]. During

the SIE process, the raw water is lifted to the surface of the pho-

tothermal material and heated to vaporize the clean water [4,5].

A solar-thermal material with capabilities of high photothermal

conversion and fast water transportation is essential for an effi-

cient and sustainable SIE process [6]. Recently, researchers have

developed many strategies, such as in situ gelation, to improve the

heat absorption [7-9] and water evaporation abilities [10-12] of

solar-thermal materials. The photothermal conversion rate of two-

dimensional materials can be up to 80%, and the water evapora-

tion rate can achieve nearly 2 kg m–2 h–1 or higher [13]. However,

many feedwater (e.g., surface water and treated wastewater) con-

tain volatile organic compounds (VOCs), which can be evaporated

and concentrated in the distilled water during the SIE process,

threatening the human health [14,15]. Owing to the lower satu-
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rated vapor pressure than that of the water, VOCs can be vaporized

with water simultaneously [10,16]. Researchers have developed lots

of methods to solve this problem, such as Fenton catalytic oxida-

tion [17], photocatalytic technology [18-21], and selectively perme-

able photothermal material [22,23]. Nevertheless, the complexity

and stability of the processes or the cost-ineffectiveness of materi-

als still restrained the implementation potential of these methods.

The advanced oxidation process with persulfate (PDS) as elec-

tron acceptor (SAOP) has become a hot topic in academic and engi-

neering fields [24]. PDS is very stable at ambient temperature and

pressure, and can produce hydroxyl radicals (•OH) and sulfate rad-

icals (SO4
•−) to strongly oxidate organic pollutants under certain

conditions. •OH and SO4
•− both have high redox potentials, rang-

ing from 1.9V to 2.7V and 2.5V to 3.1V, respectively [25]. PDS can

be activated by means of light [26], heat [27], transition metal [28],

ultrasound [29], or even composite systems [30,31]. With the mer-

its of solar photothermal energy, the SIE system can be a promis-

ing choice for activating PDS to remove VOCs [32]. However, only

solar-heating SAOP cannot degrade VOCs effectively. A composite

system is needed to increase the interception efficiency of VOCs

during the SIE process. Carbon-based materials have good pho-

tothermal performance and can catalyze the activation of PDS [33].
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Given that the transition metals possess high activity for PDS acti-

vation, they can be decorated on carbon-based photothermal ma-

terials to realize the integration of photothermal and catalytic ac-

tivation processes in one system [34,35]. During SIE, the raw wa-

ter with PDS is lifted to the interface of the photothermal mate-

rial; the radicals can be continuously produced under the activa-

tion of thermal energy and catalyst; the VOCs can be quickly de-

graded, avoiding their volatilization to the distillate. However, the

metal elements can be easily leached out from the single metal-

lic catalysis, decreasing the catalytic oxidation effects and shorten-

ing the catalyst lifespan [36]. Previous studies have demonstrated

that bimetallic combined catalysis could mitigate the metal leach-

ing problem [37]. Integrating solar-thermal materials with bimetal-

lic catalyst might be a promising way to comprehensively improve

the performances of the SIE process.

In the present work, we fabricated a stable bimetallic com-

posite carbon fiber using transition metals (Fe and Co), which

could effectively intercept the VOCs with PDS mediation and pu-

rify water during SIE. The bimetallic (C/FeCo) photothermal mem-

brane showed excellent solar absorption and water evaporation ef-

ficiency (1.48 kg m–2 h–1 under 1 sun). The interception efficiency

of volatile phenol for the C/FeCo membrane evaporator kept at

nearly 100% under different circumstances (e.g., initial phenol 5–

35mg/L, initial sailinity 0%-3.5%) during evaporation with less ox-

idant consumption. Electron spin resonance (ESR) was utilized to

analyze the catalytic oxidation mechanism of the bimetallic mem-

brane. Hydroxyl radical (•OH), sulfate radical (SO4
•−), superoxide

radical (O2
•−), and singlet oxygen (1O2) were the main active sub-

stances in this system. More importantly, when employed to pu-

rify practical river water, it effectively degraded complex natural

VOCs and the distilled water met the drinking water standards of

China. This work holds the promise of VOCs interception during

SIE, enlarging the application potential of solar distillation to pro-

duce clean water, treat wastewater, etc.

To clarify the surface microstructure of the photothermal mem-

branes with catalyst, the relevant samples were measured by scan-

ning electron microscope (SEM). As shown in Figs. 1a–c, Fe and

Co elements were successfully loaded on the carbon fibers after

dosing ferric chloride and cobalt chloride to the spinning solu-

tions. Compared with C membrane, there are some particles on

the surface of the fiber in C/Fe and C/FeCo membranes, and C/FeCo

membrane contains more particles. Energy dispersive spectrome-

ter (EDS) mapping images illustrated that Fe and Co elements are

distributed evenly on the entire surface of the membrane, which

also provides good material support for the catalytic performance.

Interestingly, the positions of Fe and Co elements on the surface

of the C/FeCo membrane are almost the same, which is basically

the position of spherical particles in Fig. 1c. As shown in Fig. 1d,

C/FeCo membrane loaded more Fe than C/Fe membrane. Two metal

elements on C/FeCo membrane formed some combination, and in

the subsequent evaporation experiment, the catalyst may be a mix-

ture or compound of Fe and Co elements. X-ray diffraction (XRD)

phase analysis was introduced to analyze the metal element com-

pounds on the composite membrane. As shown in Fig. 1e, there is

a weak diffraction peak of Fe2O3 (corresponding to PDF #16–0653)

on the C/Fe membrane. Notably, C/FeCo membrane shows obvious

signal and sharp peaks at 45.112°, 43.871°, and 35.437°, indicating
the presence of Fe-Co composite metal compounds (i.e., Co0.7Fe0.3
(corresponding to PDF #48–1818), Co0.72Fe0.28 (corresponding to

PDF #51–0740), and CoFe2O4 (corresponding to PDF #22–1086)).

These indicate that Fe and Co metal compound has good crystal-

lization, which explains the phenomenon that Fe and Co elements

appear in the same position in Fig. 1c, and also indicates bi-metal

catalyst maintains good stability. Water contact angle tests illus-

trated that the metal-containing membranes possess higher hy-

drophilicity (C: 49°, C/Fe: 48°, C/FeCo: 37°, Fig. 1f), favoring its us-

ability for water evaporation.

The evaporation performance (under 1 sun) of the photother-

mal membranes in this study was shown in Fig. 2. The mass

change of the evaporators is linear, implying the stable evapora-

tion process of three systems (Fig. 2a). As shown in Fig. 2b, evap-

oration rate (ER) of the C membrane is 1.44 kg m–2 h–1, which is

almost twice than that with no photothermal membrane. ER of the

C/Fe membrane (1.17 kg m–2 h–1) is lower than that of the C mem-

brane, while the C/FeCo membrane (1.45 kg m–2 h–1) shows the

highest ER. Full spectra absorption tests (Fig. 2c) illustrated that

C/FeCo membrane holds higher solar absorption efficiency (94.58%)

than C/Fe membrane (90%), and is almost close to the C membrane

(94.99%). According to Fig. 2d, the surface temperature of C/FeCo

membrane changed from 20 °C to 41.5 °C, while that of C/Fe mem-

brane changed from 20 °C to 40.3 °C. Thus, the calculated light-

to-vapor conversion efficiency of C/FeCo membrane (75.23%) per-

forms a little higher than that of C/Fe membrane (74.53%). These

results indicate that the addition of Fe and Co elements to the C

membrane have little effects on the evaporation performance of

the photothermal membrane.

To evaluate the VOC interception performance of the photother-

mal membrane in SIE system, phenol was chosen as a model con-

Fig. 1. (a) SEM image of C membrane. (b) SEM image of C/Fe membrane and corresponding EDS mapping of Fe element. (c) SEM image of C/FeCo membrane and corre-

sponding EDS mapping of Fe and Co elements. The positions of Fe and Co elements on the surface of the C/FeCo membrane are almost the same. (d) Atomic ratio of C/Fe

and C/FeCo membranes. (e) XRD spectra of C, C/Fe, and C/FeCo membranes. (f) The water contact angle of C, C/Fe, and C/FeCo membranes.
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Fig. 2. (a) Mass change of water over time in different evaporators under one-sun

irradiation. (b) The average evaporation rate of different evaporators. (c) Full spectra

absorption of C, C/Fe, and C/FeCo membranes. (d) Average temperature of surfaces

of the C/Fe membrane and C/FeCo membrane before and after 2 h of evaporation

experiment. Insets show the infrared images of the top view over the samples.

taminant in the following experiments owing to its high volatiliza-

tion and condensation. The initial phenol content was 10mg/L and

PDS content was 2mmol/L in this work. We first tested the per-

formance of C/FeCo phototherm membranes with different Fe-Co

loading ratios (Fig. S1 in Supporting information). As the Fe-Co ra-

tio was 1:2, the residual phenol in the distilled water was 0mg/L

during SIE. Therefore, the C/FeCo photothermal membrane with a

Fe-Co ratio of 1:2 was finally selected for the following experi-

ments. It can be seen from Fig. 3a that the interception efficiency

of phenol for the C membrane was only 55% after 2.5 h operation.

In contrast, the interception efficiency of phenol for the C/Fe mem-

brane reached 90% after 1h operation and slowly increased to 95%

as the operation time raised to 2.5 h. Compared with C and C/Fe

membranes, the C/FeCo membrane showed the highest intercep-

tion efficiency, which reached 100% in 1h and could kept stable

at the following operation time. These implied that the loading

of Fe and Co might endow the C membrane with a stable cat-

alytic function. Moreover, the high catalytic efficiency of the mem-

brane can promote more phenol in the feed solution pumping to

the surface of the membrane to be degraded. The change of resid-

ual phenol concentration in feed solution over time is shown in

Fig. 3b. The residual phenol concentration in feed solution began

to decline from the initial 10mg/L, but generally kept stable be-

tween 9.6mg/L and 10mg/L, which was similar in three types of

membrane systems. The concentration of PDS in the feed solution

also changed slightly during SIE (∼10%, Fig. S2 in Supporting in-

formation). This indicates that after PDS was added to the origi-

nal solution, the catalytic degradation of phenol did not occur in

the original solution, but on the surface of the fiber membrane. As

can be seen from Fig. S2 (Supporting information), the concentra-

tion of PDS remained in the feed solution for the C/FeCo mem-

brane evaporator maintained at ∼1.8mmol/L after 1h operation,

which is much higher than that of the C/Fe membrane evaporator

(∼1.7mmol/L). It indicates that the addition of Fe and Co reduced

the consumption of PDS. Combined with the SEM and XRD anal-

yses in Fig. 1, this maybe because the single metal Fe on the sur-

face of the C/Fe membrane can be easily dissolved and transported

to the feed solution through diffusion. This could activate part of

PDS and result in the consumption of PDS in the bulk solution. In

contrast, Fe and Co elements on the surface of the C/FeCo mem-

brane mainly existed in the form of composite metal compounds.

The ion leaching experiments illustrated that only ∼0.04 wt% of Fe

and ∼3.5 wt% of Co were leached out under neutral and alkaline

conditions with 12h shaking (Fig. S3 in Supporting information),

demonstrating the stability of the C/FeCo photothermal membrane

[38]. To reveal the influencing factors of phenol interception for the

C/FeCo membrane evaporator, we carried out a series of evapora-

tion experiments. Results illustrated that phenol interception effi-

ciency was positively correlated with solar intensity and initial PDS

concentration, while negatively correlated with initial phenol con-

centration and feed salinity (Figs. 3c–f). It is worth mentioning that

although there was salt deposition at the edge of the photothermal

membrane during the brine evaporation process (Fig. S4 in Sup-

porting information), the composite fiber membrane still had abil-

ity to remove VOC. Moreover, the interception efficiency of phe-

nol for the C/FeCo membrane evaporator tended to be kept at a

high and stable level of nearly 100% under different circumstances

during the evaporation process and it remained stable in multiple

cycles (Fig. S5 in Supporting information). Additionally, results of

toxicity prediction for Oral Rat LD50 by T.E.S.T software (Fig. S6

Fig. 3. (a) Phenol interception efficiency of evaporators with different photothermal membranes. (b) Comparison of residual phenol in feed solution after the evaporation of

10mg/L phenol by different evaporators. Influence of different factors on phenol interception efficiency of C/FeCo membrane evaporator: (c) Initial salinity, (d) solar intensity,

(e) initial PDS concentration, and (f) initial phenol concentration.
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Fig. 4. ESR detection of the free radicals generated by the C/FeCo photothermal membrane with PDS mediation: (a) DMPO-•OH and DMPO-SO4
•− , (b) DMPO-O2

•− , and (c)

TEMP-1O2. (d) Schematic illustration of the mechanism of phenol oxidation with PDS mediated C/FeCo membrane during SIE.

Fig. 5. (a) Digital photo and schematic illustration of the lab-made quartz distiller. (b) TOC concentration of initial river water and distilled water collected through evapo-

ration with and without PDS. (c) Ion concentration of initial river water and distilled water.

in Supporting information) showed that the toxicity of phenol de-

creased greatly after degradation, enhancing the quality of the dis-

tilled water. These demonstrated that C/FeCo membrane evapora-

tor performed excellently in VOC interception and degradation in a

complex and changing environment.

To explore the mechanism of VOC interception in the C/FeCo

membrane evaporator, ESR detection was carried out. As shown

in Fig. 4a, four distinct •OH peaks and six distinct SO4
•− peaks

were detected. The peaks of O2
•− were also intense (Fig. 4b). In

addition, non-free radical 1O2 in this system shows three stable

peaks (Fig. 4c). The intensity of four active substances tended to

increase over sunlight time. Further XPS analysis illustrated that

a mixture of Fe(Ⅲ)/Fe(Ⅱ) and Co(Ⅲ)/Co(Ⅱ) coexisted in the mem-

brane and their peak intensity slightly changed before and after

reaction (Fig. S7 in Supporting information), indicating the particle

compounds were the key reaction sites for PDS activation. In the

catalytic oxidation process, the PDS on the surface of the C/FeCo

membrane first oxidizes Co(II) to Co(III), accompanied by the for-

mation of SO4
•−, leading to the degradation of phenol. Given that

the standard reduction potentials of Fe(Ⅲ)/Fe(Ⅱ) and Co(Ⅲ)/Co(Ⅱ)
are 0.77V and 1.83V respectively, Fe(Ⅱ) and Co(Ⅱ) can be contin-

uously regenerated as catalysts in the degradation process. It is

speculated that •OH is produced by the reaction of SO4
•− with wa-

ter. The breaking of the S-O bond of PDS produces O2
•−. The result-

ing O2
•− may react with the •OH in the system to form 1O2 [39]. To

ensure the charge balance of the membrane interface, Fe(Ⅲ) and

Co(Ⅲ) can react with active substances to generate Fe(Ⅱ) and Co(Ⅱ)
[40]. Finally, the four active substances oxidized and degraded phe-

nol. Thus, bimetal material realized synergistic and stable catalytic

functions and ensured a continuous degradation process. Fig. 4d

shows the mechanism of C/FeCo membrane in activating PDS to

intercept VOC from the feed solution during the SIE process.

Natural river water often contains complex VOCs [41,42]. The

VOCs in the Songhua River water are mainly naturally microbial

by-products [21]. We further conducted SIE experiments using ac-

tual river water (TOC: 13.02mg/L, Northeast, China) to evaluate

the practical performance of the C/FeCo photothermal membrane

(Fig. 5a). As shown in Fig. 5b, the TOC of the distilled water was

2.62mg/L with PDS mediation, which was significantly lower than

that without dosing PDS (8.53mg/L). It suggested that this system

can effectively intercept the VOCs from natural river water and

reach the Drinking Water Sanitation Standard of China (GB5749–

2022, 5mg/L). To evaluate the ion interception of the SIE system,

ion detection was carried out with inductively coupled plasma-

4



Y. Ma, D. Liu, T. Zhang et al. Chinese Chemical Letters 36 (2025) 110000

optical emission spectrometry (ICP-OES). The concentration of typ-

ical ions (i.e., Al, As, Ca, Fe, and Mg) in raw river water and dis-

tilled water are shown in Fig. 5c. After SIE, the amount of inorganic

ions was greatly reduced with interception efficiency all above 98%.

Thus, C/FeCo photothermal membrane evaporator exhibited an ef-

fective water purification ability.

In conclusion, this work established a C/FeCo bimetallic cat-

alytic photothermal membrane which performed excellently and

stably in intercepting VOCs and producing clean water during SIE.

The interception efficiency of phenol for the C/FeCo membrane

evaporator reached nearly 100% during 2.5 h SIE. The catalytic ox-

idation mechanism of the bimetallic membrane was also revealed.

For the actual river water, complex natural VOCs and inorganic

ions could also be effectively purified using the C/FeCo membrane

evaporator, and the distilled water met the drinking water stan-

dards of China. This work provides a simple method for intercept-

ing VOCs during the SIE process, enlarging the application potential

of SIE in water or wastewater treatment.
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