
ENERGY MATERIALS

A 3D pillar hydrogel assembled from multi-metallic

oxides nanoparticles for plasmon-enhanced solar

interfacial evaporation

Huihua Min1, Deqi Fan2, Hao Zhang1, Xueling Xu1, Xiaofei Yang1, and Yi Lu1,*

1College of Science, Advanced Analysis and Testing Center, Nanjing Forestry University, Nanjing 210037, People’s Republic of China
2College of Chemical Engineering, Nanjing Forestry University, Nanjing 210037, People’s Republic of China

Received: 13 August 2022

Accepted: 30 November 2022

Published online:

16 December 2022

� The Author(s), under

exclusive licence to Springer

Science+Business Media, LLC,

part of Springer Nature 2022

ABSTRACT

Harvesting solar energy to convert thermal energy is a promising technology

that enables substantial eco-friendly applications to alleviate freshwater and

energy crisis. To realize rapid and energy-efficient solar driven steam evapo-

ration, developing efficient photothermal conversion materials are significantly

important. Here is a facile approach for constructing a three-dimensional (3D)

pillar hydrogel based on FeCoNiCrOx (FCNCO) for effective water treatment.

Taking advantage of high solar absorption property and low evaporation

enthalpy, the CPH-2S can be capable of achieving surface plasmon resonance

assisted water evaporation rates of 2.44 kg m-2 h-1 under 1 sun irradiation.

This function endows the evaporator with a light-to-vapor conversion efficiency

of 96%, which is induced by an elaborately constructed hydrogel with surface

photons trapping and thermal localization capabilities. Meanwhile, the hydrogel

exhibits salt resistance in seawater as well as the stability of solar evaporation

performance. This work offers a rational design principle to create multi-metal

component-based photothermal materials for developing a self-sustainable and

solar-powered water-energy platform.

Introduction

With the fast-growing population, the demand of

freshwater resources has increased over the past few

decades. Developing sustainable technologies to

supply, a large amount of freshwater is becoming

much more pressing [1, 2]. Amongst these

technologies, seawater desalination technology has

been regarded as one of the most promising strate-

gies to produce freshwater by exploiting seawater

resources, which accounts for 97% of water resources

on the earth. Effective utilization of solar energy is

one of the most promising pathways to produce
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green energy resources [3–5]. Nowadays, an emerg-

ing solar driven interfacial desalination technology

provides a cost-effective and sustainable pathway to

continuously produce clean water, compared to the

membrane distillation technology of high cost and

energy consumption [6–8]. Specifically, solar energy

harvested by photothermal materials convert into

thermal energy to vaporize the liquid water for

purification purposes. Benefiting from the advan-

tages of inexhaustible solar energy and zero carbon

emission process, the solar driven interfacial evapo-

ration that utilize solar energy to localize heat for

water evaporation is a great potential candidate to

tackle water and energy scarcity [9]. Hence, an effi-

cient solar-powered photothermal material that can

perform the full solar spectrum is highly anticipated.

Over the past decades, solar interfacial evaporation

systems mainly focus on the selection of photother-

mal materials as well as elaborate design of evapo-

ration structures [10–13]. Many efforts have been

devoted to employing metallic materials, carbon-

based materials or polymer as photothermal materi-

als [14, 15]. As a member of metallic based materials,

the multi-transition metal oxides (M-TMOs) are

attracting increased interests due to their unique

advantages in broadband light absorption, good

thermal stability, and fabrication feasibility [16–18].

However, there are few investigations about apply-

ing M-TMOs as solar receivers, which possess unique

optical properties and widely used in photocatalysts,

solar cells, photothermal conversions, photoelectro-

chemical conversions, etc. Recently, high-entropy

alloy FeCoNiTiVCrCu nanoparticles was developed

by Zhang’s group, in which the d-d interband tran-

sitions of 3d electrons in transition metals lead to

strong solar absorption for efficient photothermal

conversion [19]. Liu et al. reported a solid-solution

alloy with multi-principal elements (AlCrWTaNb-

TiN) as an effective absorption layer to obtain a high

solar absorptance of 93% [20]. Abraham utilized

transition metals (Mn, Ni and Cu) to dope Sb2O3 to

modify the optical property [21]. Moreover, the

localized surface plasmon resonance (LSPR) effect of

transition metal oxides was employed for the pho-

tothermal conversion in the applications of solar

steam generation [22, 23]. Thus, it’s significant to

further explore M-TMOs as absorbers with the widen

absorption spectra and stimulate the scope of their

utilization in the fields of high-performance water

evaporation.

To construct a satisfactory solar evaporator, the

functional M-TMOs can be incorporated into hydro-

gels to form hydrogel-based evaporators, as the

microchannels in the hydrogel can facilitate water

transport and gas escape. The hydrophilic polymeric

networks can confine the solar heat and continuously

replenish water to the top surface. Moreover, the

distinct polymeric composites can activate water

molecules and reduce the energy requirement for

water vaporization. Herein, we designed a 3D pillar

hydrogel containing multi-transition metal oxides

with effective photothermal conversion to achieve

rapid solar steam generation. The premise for our

design is that the FCNCO acts as plasmonic waveg-

uide for the rapid conversion of solar photons into

confined thermal energy. Moreover, the hydrogel

features a hydrophilic interconnected porous struc-

ture for water transport and vapor escape. Benefited

from the light trapping of surface pillar structure, the

optimized evaporator can achieve efficient solar

evaporation, offering a beneficial inspiration and

reference for high-performance photothermal mate-

rials in solar steam generation applications.

Experimental methods

Preparation of metal oxides, hydrogels
and 3D pillar solar evaporator

Materials

Fe(NO3)3�6H2O, Co(NO3)2�6H2O, Ni(NO3)2�6H2O,

CrCl3�6H2O, citric acid, absolute ethyl alcohol, poly-

vinyl alcohol (PVA), cellulose (CS), ammonium

hydroxide, glutaraldehyde and hydrochloric acid are

purchased from Aladdin. The chemicals are used

without any further treatment.

Synthesis of FeCoNiCrOx oxides

Fe(NO3)3�6H2O (0.808 g), Co(NO3)2�6H2O (0.582 g),

Ni(NO3)2�6H2O (0.594 g) and CrCl3�6H2O (0.544 g)

were dissolved into the mixture solution of water

(75 mL) and ethanol (15 mL) with constant stirring. A

certain of ammonium hydroxide and citric acid

(0.362 g) was added to the above solution until the

pH of the solution was 7. After that, the mixture was
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heated by water bath at 90 �C to obtain a gel. The

solid gel was then maintained at 240 �C for 3 h in a

furnace and consequently calcinated at 1000 �C for

3 h under an Ar/N2 atmosphere.

Synthesis of transition metal oxides solution-based

hydrogels

Firstly, PVA (4 g, 5 wt% in water) and cellulose

solution (1 g, 0.6 mmol/g) were mixed at 60 �C in

breakers. Subsequently, the PVA/CS hydrogel was

prepared by adding hydrochloric acid (225 ll, 1 mol/

L) and glutaraldehyde (200 ll, 5 wt%). Then, the gel

was poured into specific moulds, subsequently by

freezing and thawing for several times. Finally, the

formed hydrogel was circularly immersed into water

and ethyl alcohol to remove the impurities, which

was labeled as CPH-0. The details of preparation

process for the other hydrogels in this work were

similar to that in our previous works [24, 25], except

that the addition of the FeCoNiCrOx. The samples

were labeled as CPH-1, CPH-2, CPH-3, according to

the amount of the FeCoNiCrOx (20, 30, 40 mg). To

further architect the surface structure, we employed

the pillar array mould to form the CPH-2S.

Materials characterization

The X-ray diffraction (XRD, Ultima IV, Rigaku)

spectrum and Fourier transform infrared spec-

troscopy (FTIR, VERTEX 80 V, Bruker, Germany)

were performed to measure and analyze the phase of

the composites. The Rietveld refinements of the X-ray

diffraction patterns were performed using GSAS

software. The microstructure of the samples was

observed using scanning electron microscopy (SEM,

JSM-7600F, Japan). The water-droplet contact angle

was tested using a contact angle instrument (KRUSS,

DSA100) to determine the membrane hydrophilicity.

The concentration for organic contaminant in the

simulated pollution water before and after desalina-

tion was detected by FTIR spectra instrument (VER-

TEX 80 V, Bruker). The solar absorption spectra were

obtained using a UV–vis spectrometer (Lambda 950,

PerkinElmer) equipped with an integrating sphere.

The solar absorptivity (r) was calculated by deduct-

ing transmittance (T = 0) and reflectance (R) from the

incident light as following.

r ¼ 1� R ¼ r
2500
300 I 1� Rð Þdk

r
2500
300 Idk

In which k is wavelength, I(k) is the light intensity

at different wavelengths.

Solar evaporation measurements

The solar evaporation performance was evaluated

under 1 kW m-2 (CEL-PE300L Xenon lamp). We

used an optical power meter to measure the illumi-

nation intensity. The synthetic hydrogels were fixed

on the liquid surface for the solar evaporation test.

The mass change of the residual liquid was recorded

using an electronic analytical balance. An infrared

camera (E8, FLIR, US) was used to measure the sur-

face and infrared photographs.

Results and discussion

The synthesis procedure of FeCoNiCrOx through sol–

gel method and high temperature calcination is

illustrated in Fig. 1. First, metal nitrate precursors

were mixed and crosslinked to homogeneously dis-

perse metal cations in a gel mixture. During this

process, Co2? was oxidized to Co3?, simultaneously

ensuring the dispersion of Ni, Fe and Cr species.

Afterwards, the mixture was calcined in Ar/N2 to

gain the FCNCO powders. By combining the oxides

with highly absorbent hydrogel at different mass

ratios, we synthesized a series of solar evaporators.

The details of the synthetic method can be found in

Experimental Section. Considering that the excellent

light harvesting capacity and ultrafast water trans-

port through the hierarchically pillar hydrogel

matrix, the FCNCO-based hydrogel can be poten-

tially applied as a high-efficiency solar evaporator

benefited from effective photothermal conversion.

To confirm the formation of the phase of the

FCNCO, we have conducted X-ray diffraction (XRD)

measurement. The XRD pattern in Fig. 2a showed

that the characteristic peaks of spinel oxides at

2h = 18�, 30�, 36�, 37�, 43�, 53�, 57�53�, 57� and 63�
[26]. Rietveld refinement of experimental XRD pat-

tern was employed to determine the phase structure

of the FCNCO. The initial structural model was built

based on the spinel-structured Fd-3 m AIIB2
IIIO4 (A,

B = Fe, Co, Ni, Cr). According to the results of Riet-

veld analysis, the lowest weighted profiles R-factor
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(wRp (%) = 6.8) and R-factor (Rp (%) = 3.7) for the

fitting model using CoCr2O4 demonstrated that Fe

and Ni cations occupied the ternary metal CoCr2O4

due to chemical cation exchange and thermal oxida-

tion process. Therefore, the synthesized mixed oxide

was named as Fe-Co–Ni-Cr-Ox (FCNCO) according

to the amounts of precursor metal ions. To further

analyze the morphologies of the as-synthesized

FCNCO, scanning electron microscopy was per-

formed (Fig. 2b–d). We observed the obvious

nanoparticles agglomeration, in which the

FeCoNiCrOx consists of irregular particles with the

sizes ranging from tens of nanometers to hundreds of

nanometers. From Fig. 2e and f, the broaden vibra-

tion band at around 600 cm-1 belongs to the asym-

metric metal–oxygen stretching vibrations, verifying

the existence of different multi-transition metals. In

the spectrum of the hydrogel, the peaks at 1075 cm-1,

1375 cm-1 and 1721 cm-1 are attributed to the –C–

OH, –CH3 and C–C–O stretching vibrations.

The CPHs were prepared using these synthesized

powders and further modified by pillar arrays to

enhance the solar evaporation performance. Figure 3

shows the microstructure of the synthesized CPH-0

and CPH-2. All the hydrogels feature micro-sized

porous structures with interconnected channels and

thin walls. These macroporous capillary channels is

beneficial for internal water transport. Higher mag-

nification images revealed that the particles indeed

penetrate the porous networks with the sizes ranging

from hundreds of nanometers to several

micrometers. In addition, we can easily observe the

macroscopic feature of the CPHs-2 from the pho-

tograph (Fig. 4a). The pillar arrays can harvest light

from all the directions and enlarge the evaporation

areas, which can enhance photothermal conversion

and evaporation efficiency. Moreover, light incident

on transition metallic oxides can generate plasmonic

resonance waveguides, which will redshift to the

long-wavelength range (Fig. 4b). The 3d electrons at

Fermi level of transition-metal ions can reduce

plasma frequencies, leading to strong absorption over

the UV–vis-IR spectrum. Moreover, this surface

plasmon resonance could further decays to photoin-

duced hot electron via Landau damping and aggra-

vate the Joule effect driven heat generation.

Furthermore, the full solar spectrum absorption and

efficient photothermal conversion achieved by plas-

monic resonance effect will lead to a high-water

evaporation rate [27]. Apart from the structural

characteristics, the hydrophilicity and photothermal

conversion capacities are critical for solar water

evaporation. To intuitively investigate the water

absorbing capability of the evaporator surface, we

have conducted water contact angle measurement. A

contact angle camera was employed to observe the

impregnation process of water drops to affirm the

surface wettability (Fig. 4c). It is seen that the

impregnation process of the CPHs entirely finished

within 1 s, which implying that the CPHs can be

supplied with a continuous water flow quickly.

Therefore, the as-prepared CPHs possessed

Figure 1 Schematic

representation of the

preparation process and

application of hierarchically

pillar hydrogel solar

evaporator made of mixed

metal oxides.
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hydrophilic surfaces to be wetted easily due to the

inherent superior wicking and capillary effect of

hydrogels, which were favorable for pumping water

for evaporation.

We next examined the light absorption of the CPHs

across the UV–Vis-NIR regions, which are shown in

Fig. 4a. In our previous work, surface topography

was demonstrated to enhance light absorption and

accelerate water flow rate near the surface [24, 25].

Therefore, we constructed pillar arrays on the

hydrogel surface to trap solar light and promote

thermal conversion. For the hydrogels without sur-

face structures, the light absorption was around 80%

in the UV–Vis range. Whereas the CPH-2S exhibited

the light absorption of 92% over the UV–Vis-NIR

region, indicating that the solar absorptivity was

significantly dominated by the surface structure of

the hydrogels. Upon light irradiation, the absorbed

light could quickly be converted into heat. The sur-

face temperature of the CPH-2S (wet state) reached

an equilibrium temperature of 43 �C (Fig. 4b), which

is beneficial for solar evaporation. To explore the

Figure 2 a XRD patterns,

b The corresponding Rietveld

refinement for FCNCO, c,

d SEM images of FCNCO

powder, e, f FTIR spectra of

CPH-0, FCNCO and CPH-2.
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solar evaporation ability, the CPHs were floated on

water and seawater, respectively. Figure 5 exhibited

that the mass of the liquid decreased with the

increasing irradiation time. The average water evap-

oration rates of CPH-2 reached 2.22 kg�m-2�h-1,

which was 6, 2.92 and 1.11 times higher than the

evaporation of pure water, CPH-0 and CPH-1.

Notably, as the surface of the CPH-2 was molded into

that of CPH-2S, the evaporation rate dramatically

increased from 2.22 to 2.44 kg�m-2�h-1, deriving from

Figure 3 a–c SEM images of

CPH-0 hydrogel, b–d SEM

images of CPH-2 hydrogel.

Figure 4 a Schematic

illustration of the structure of

solar evaporator, b Schematic

illustration of the general

mechanism for light trapping

and photothermal conversion,

c The time-lapse snapshots of

absorption of a water droplet

by the CPH-2.
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the additional evaporation by the side area of the

pillar arrays. These results indicated that the syner-

gistic of light trapping effect and side area-assisted

evaporation is conducive to promote solar

evaporation.

In addition, the light to vapor efficiency (g) of the
evaporator is determined by the percentage of the

energy for water evaporation in comparison to the

total energy of the incident light, that is the following

equation [28]:

g ¼ v �HLV

PSun

in which v is solar evaporation rate, HLV is the energy

for the phase change from liquid to gas of water, Psun

is the intensity of incident light. The corresponding

solar evaporation efficiency for CPH-0, CPH-1, CPH-

2, CPH-3 and CPH-2S was 32%, 79%, 87%, 87%, and

96%. Such high efficiency was caused by the synergy

of excellent photothermal conversion and low evap-

oration enthalpy of water. Besides, excellent anti-salt

accumulation property of the CPHs is crucial for

durable solar desalination performance. The solar

evaporation performance for the CPHs in seawater

was also investigated, in which the CPHs evaporated

sodium chloride solution (NaCl) of different salinities

to explore the solar desalination capability. It was

found that the average evaporation rates for CPH-2S

in all the seawater was nearly same as that in water

(Fig. 5c and d). Under continuous solar irradiation,

the solar evaporation rate did not change obviously,

indicating a stable solar desalination performance

(Fig. 6a). Meanwhile, the CPH-2S exhibited one of the

highest efficiencies compared with other reported

evaporators (Fig. 6b) [28–33]. We also constructed the

spectral absorptivity of organic sewages (MB, MO)

and condensed water to assess the solar purification

performance. As shown in Fig. 6c, the collected water

became colorless, as well as the absorption peak of

MB and MO, vanished after solar evaporation.

Conclusion

In summary, an efficient solar evaporator was pre-

pared by combining mixed metal oxides FeCoNiCrOx

with a polymer-based hydrogel, which can signifi-

cantly purified seawater or organic sewage powder

by solar energy. Coupled with the pillar arrays

design of surface topography, the 3D pillar hydrogel

solar evaporator enabled a rate of 2.44 kg m-2 h-1

under one sun irradiation, about 700% of the nature

water evaporation rate. The corresponding energy

efficiency was up to 96% (Fig. 7). Even during a long-

term solar desalination, the evaporator maintained

desired anti-salt accumulation capacity and a

stable solar evaporation performance. The energy-

saving solar thermal conversion capacity endows the

3D pillar hydrogel with the potential applications in a

facile, efficient and stable solar desalination.
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Figure 6 a Mass change,

b (red bar) light to vapor

efficiency, (blue circle)

evaporation rate of different

evaporators and water during

solar water evaporation, and

c mass change, d (red bar)

light to vapor efficiency, (blue

circle) evaporation rate of

different evaporators during

solar desalination.

Figure 7 a The cyclic

performance of solar

evaporation for the CPH-2S at

one sun illumination, b The

evaporation rate of the CPH-

2S in comparison with those

metallic oxides-based

materials employ as solar

evaporators, c The absorbency

of MB or MO solutions and

evaporated water.
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