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a b s t r a c t 

Solar-driven thermo-electric generation (STEG) emerges as a promising solution to mitigate the global en- 

ergy shortage. However, the practical application of conventional photothermal materials equipped with 

STEG is limited due to low solar thermal conversion efficiency. Herein, we fabricated an epoxy resin (EP) 

nanocomposite, EP/CCA80 , with excellent photo-thermal-electric conversion properties by embedding a 

vertically aligned aerogel consisting of cellulose nanofibers (CNF) and carboxylated multi-walled carbon 

nanotubes (CMWCNTs) into a transparent EP matrix. EP/CCA80 composites possessed a broad light ab- 

sorption range from 200 nm to 2500 nm and excellent photothermal properties. Under illumination of 

1.0 kW m–2 , EP/CCA80 achieved a notable stable temperature of 93.2 °C and a photothermal conversion 

efficiency of up to 54.35 % with only 0.65 wt% CMWCNTs inclusion. Additionally, coupled with thermo- 

electric (TE) devices, the EP/CCA80 composite facilitated a significant temperature difference and voltage 

output of up to 25.3 °C and 160.29 mV (1.0 kW m–2 ), respectively, which could power a small fan to 

rotate at a speed of 193 min–1 . Such materials are poised to offer viable solutions for enhancing energy 

accessibility in remote regions, thereby contributing to the reduction of energy shortages and environ- 

mental degradation. 

© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The quest for clean solar energy was paramount in addressing 

he challenges of global energy scarcity and environmental pol- 

ution [ 1–4 ]. Based on the Seebeck effect, solar-thermal-electric 

nergy conversion could be achieved. Specifically, solar radiation 

nduces a temperature difference ( �T ) across the thermoelectric 

evice, which afterward can generate electricity [ 5 , 6 ]. However, 

he widespread applications of solar-thermal-electric generators 

STEGs) encountered critical barriers: inferior solar absorption, low 

hermal conductivity, and poor structural stability, which not only 
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iminish photothermal conversion efficiency but also compromise 

he long-term reliability of STEGs [ 7 , 8 ]. 

Recent advancements have aimed at overcoming these obstacles 

o enhance solar-thermal-electric conversion efficiency [ 9 ]. Notably, 

arbon-based nanoparticles, including carbon nanotubes (CNTs) 

 10–12 ], graphene nanoplatelets (GNP) [ 13–16 ], graphene oxide 

GO) [ 17 ], carbon black [ 7 ], and nanodiamond [ 18 ], have been iden-

ified as excellent light-absorbing properties. For example, Wanyan 

t al. [ 19 ] prepared poly(L-malic acid) (PLMA)/CNTs composites 

y grafting CNTs with PLMA oligomers and incorporating them 

nto the PLMA matrix. The research found that PLMA/CNT com- 

osites had strong photo-absorption and exceptional photothermal 

onversion capabilities due to the inclusion of CNTs. Cui et al. 

 20 ] prepared salt hydrate phase change composites using nano 

iO2 , silicon carbide, and CNTs, where CNTs acted as a photother- 

al enhancer. Simultaneously, the GNP and the expanded graphite 

EG) were used to compare. The results of the infrared thermal 
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maging test showed that the CNTs/resin composites had a higher 

hotothermal conversion efficiency than GNP and EG, which was 

ttributed to the stronger light-absorbing ability of CNTs. These 

ndings illuminated the pivotal role of CNTs in fabricating light- 

bsorbing composites for diverse applications, ranging from pho- 

othermal power generation to seawater purification. 

Creating three-dimensional porous networks has significantly 

ncreased the efficiency of photothermal conversion [ 21 , 22 ]. Lee 

t al. [ 5 ] prepared the porous polydimethylsiloxane (PDMS) via a 

ugar template process and then used it as a substrate to synthe- 

ize Au NPs in situ. As a result, the plasmon-mediated photother- 

al effects of Au NPs were significantly enhanced, and the tem- 

erature of PDMS/Au composites was increased to 75.7 °C under 

rtificial sunlight, compared to 42.1 °C without Au NPs. Besides, 

ao et al. [ 23 ] fabricated a methoxy poly(ethylene glycol) mono- 

ethacrylate (m-PEGMA)/GO aerogel by hydrothermally grafting 

-PEGMA on the GO surface. The voltage and current output of m- 

EGMA)/GO aerogel were 144 mV and 14.8 mA, respectively, which 

emonstrated good photo-thermo-electric conversion performance. 

he scattering of incident light through the porosity structure in- 

reased due to the differential index of refraction between the 

avity and the environment. The photothermal filler absorbs both 

ncident and scattered light. Using modified cellulose nanofibers 

CNFs) and carbon nanotubes (CNTs), Li et al. [ 24 ] produced com- 

osite films that could capture solar light with high photother- 

al conversion efficiency through a simple blending and filtration 

rocess. The films produced an open-circuit voltage of 310 mV at 

 kW m–2 irradiance and could be used for photothermal power 

eneration and as light-driven actuators. Compared to metal and 

olymer foams, cellulose foams were lightweight, environmentally 

riendly, and renewable as porous support materials [ 25 ]. These ad- 

ancements demonstrated how incorporating photothermal fillers 

nto porous structures could capture solar light more effectively, 

acilitating higher photothermal conversion efficiencies. 

Addressing the challenge of material stability, the impregnation 

f organic substances into porous composites has emerged as a 

rucial technique for enhancing the practical application of pho- 

othermal materials. Shu et al. [ 2 ] fabricated phase change materi- 

ls (GCAP) using GNPs/CNF aerogel (GCA50 ) as a 3D porous skele- 

on and impregnating it with paraffin through vacuum-assisted 

ethods. The resulting materials exhibited excellent shape stabil- 

ty. The temperature of GCAP50 composites was 75.5 °C, which 

as 20.7 and 21.4 °C than that of paraffin (54.8 °C) and CNF-P 

54.1 °C), respectively, when exposed to an irradiation intensity of 

 kW m–2 for 50 min. Li et al. [ 18 ] fabricated the 3D single crys-

al nanodiamond (SCND) aerogel skeleton by dispersing the 5 vol% 

CND into a CNF suspension, and then impregnating it with molted 

icosane to prepare an eicosane-based PCM (3D-SCND-PCM). The 

D-SCND-PCM produced an output current and voltage of 59.6 mA 

nd 149.5 mV, respectively, demonstrating excellent photo-thermo- 

lectric conversion capabilities. The 3D-SCND-5 composite still re- 

ains its initial shape, demonstrating the good dimensional stability 

f 3D-SCN composites when heated for 100 min. 

Despite the advancements, epoxy resin (EP), known for excel- 

ent chemical resistance, electrical insulation, and ease of pro- 

ess, has been rarely explored in the context of photother- 

al materials [ 26–33 ]. Our previous research highlighted the 

otential of EP/CNF/CMWCNT composites for thermal manage- 

ent and dimensional stability [ 26 ]. Building on this foundation, 

erein, we have developed a highly porous CNF/CMWCNTs aerogel 

CCA80 ), subsequently impregnated into an EP matrix to fabricate 

P/CNF/CMWCNTs (EP/CCA80 ) composites. The photothermal prop- 

rties of the aerogel and the micromorphology, thermostability, 

hermal properties, and photo-thermo-electric conversion perfor- 

ance of EP/CCA80 composites have been evaluated and character- 

zed in detail. This novel EP/CCA80 composites not only spanned a 
314
road light absorption range from 200 to 2500 nm but also exhib- 

ted exceptional photothermal properties. Under 1.0 kW m–2 light 

xposure, the maximum �T of EP/CCA80 composites stabilized at 

3.2 °C, with a solar thermal conversion efficiency of 54.35 %, 

hich set a new benchmark in the solar to thermal conversion 

echnology. Furthermore, the EP/CCA80 composite was equipped 

ith thermoelectric (TE) devices to attain a temperature difference 

nd voltage of up to 25.3 °C and 160.29 mV, respectively, yielding a 

ower density of 1.0 kW m–2 , which was sufficient to drive a small 

an at 193 rpm, exemplifying a groundbreaking approach to solar 

nergy conversion. 

. Experimental sections 

.1. Materials 

CNF suspension (solid content of 1 wt% and purity of 99.6 

t%) was purchased from Qihong Technology Co., Ltd., Guilin, 

hina. The diameter and length of the CNF were approximately 

.8 and 10 0 0 nm, respectively. Carboxylated multi-walled carbon 

anotubes (CMWCNTs) with diameters of 10–20 nm and sizes of 

.5–2 μm were purchased from Nanjing XFNANO Materials Tech 

o., Ltd., Nanjing, China. Epoxy resin (E-51, viscosity of 11,0 0 0–

4,0 0 0 m Pa s) was purchased from the Baling Petrochemical 

ranch of Sinopec Asset Management Co., Ltd., Hunan, China. The 

iethylene triamine was purchased from Aladdin Chemical Tech- 

ology Co., Ltd., Shanghai, China. All reagents were used without 

urther purification. 

.2. Preparation of CCA80 and EP/CCA80 composites 

Schematic design and preparation of the solar-thermal-electric 

onversion system of the EP/CCAx composite was shown in Fig. 1 . 

irstly, the CNF suspension was diluted with deionized water to 

btain a 0.5 wt% CNF suspension under ultrasonication for 30 min. 

MWCNTs were obtained by acidified MWCNTs with a mixture 

f concentrated sulfuric acid and nitric acid in a 3:1 mass ra- 

io [ 34 ]. Secondly, CMWCNTs were dispersed into the diluted CNF 

uspension and then ultrasonicated and stirred for 45 min. The 

ormulations of as-prepared CNF/CMWCNTs aerogel are listed in 

able S1 in Supporting Information. Thirdly, the homo-dispersed 

NF/CMWCNTs suspension was transferred into a silicone-negative 

old and frozen at –60 °C for 2 h, resulting in the formation of 

ertically aligned CNF/CMWCNTs solid ice crystals. After this, the 

rozen CNF/CMWCNTs suspension was lyophilized using a freeze- 

rier (–70 °C, 5 Pa) for 72 h to prepare CNF/CMWCNTs aerogel, 

hich was labelled as CCAx with x representing the mass ratio of 

MWCNTs to CNF [ 26 ]. Fourthly, the photothermal EP/CCAx com- 

osites were fabricated using vacuum-assisted EP impregnation 

echnology. The EP and curing agent, diethylene triamine, with a 

ass ratio of 100:10.5 were mixed by magnetic stirring for 0.5 h 

t 25 °C. Afterward, CCAx were fully immersed in the pre-cured EP 

ixture under vacuum conditions, the composites were cured in a 

acuum oven at 80 and 120 °C for 2 h. Finally, the residual EP was

emoved by sandpaper polishing to obtain the EP/CCAx composites. 

.3. Characteristics 

The xenon lamp (CEL-SSOO, China) was used as a solar irradia- 

ion source. The temperature of the composite surface was mea- 

ured using an infrared thermal imager (TESTO-869). A thermo- 

lectric module (THC1–19,912, 62 mm × 62 mm × 3.6 mm) was 

urchased from Dingkerui Electronics Co., Ltd, Shenzhen, China. 

he open-circuit voltage was measured by the Keithle 6514 system 

Johnston, USA). The thermal gravimetric analysis (TGA) was per- 

ormed using a PerkinElmer Pyris 1 thermal gravimetric analyzer 
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Fig. 1. Schematic design and preparation of the solar-thermal-electric conversion system of the EP/CCAx composite. 
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Massachusetts, USA) at a 10 °C min−1 heating rate. The specimens, 

eighing 4–5 mg, were heated in a nitrogen atmosphere with a 

ow rate of 20 mL min−1 from 50 to 800 °C. FEI QuanTa-200 scan- 

ing electron microscopy (SEM, Eindhoven, Netherlands) was used 

o characterize the micromorphology and microstructure of aerogel 

nd EP composites at 10 kV acceleration voltage. UV–vis-NIR ab- 

orption spectra were measured using a UV3600 UV–vis-NIR spec- 

rophotometer (SHIMADZU Co., Ltd., China) in the range of 200 to 

500 nm. 

. Results and discussions 

.1. Research on the preparation strategy of the EP/CCA80 composites 

The preparation process of cellulose nanofiber 

CNF)/carboxymulti-walled carbon nanotubes (CMWCNTs) aerogel 

CCAx ) and EP/CCAx composites was shown in Fig. 2 . CNF, which 

ad the advantages of being widely available, inexpensive and 

egradable, was prepared into a three-dimensional porous aerogel 

ramework. CMWCNTs were a frequently employed photothermal 

ller. Dispersion of photothermal materials (CMWCNTs) in CNF 

uspensions and preparation of CCAx using the freeze-drying 

echnique as a novel approach to prepare photothermal aerogel 

 Fig. 2 (a–d)). The CNF/CMWCNTs solution was placed on a metal 

late within the cold trap of a lyophilizer at a temperature of 

70 °C. During the unidirectional freezing of CNF/CMWCNTs 

uspensions, the vertically oriented temperature gradient guides 

he ice crystals to grow vertically, with the CMWCNTs and CNF 

eing crowded out by the vertically growing icicles and assembled 

etween numerous icicles. The solution underwent a temperature 

radient from the bottom upward, resulting in the formation of 

ertically growing ice crystals. After freeze-drying for 3 days, CCAx 

ere prepared with a vertically aligned pore structure. 

To verify the effect of CMWCNTs on the photothermal perfor- 

ance of the CNF/CMWCNTs aerogel (CCA), we examined the pho- 
315
othermal response of CCAs containing varying CMWCNT concen- 

rations. Fig. S1 were the measured surface temperatures at 1.0 kW 

–2 irradiation. Limited by the weak solar absorption, the sur- 

ace temperature of CCA0 corresponding to the pristine CNF aero- 

el was only 37.8 °C after being illuminated for 600 s. By con- 

rast, the temperature of the CMWCNT powder reached 61.0 °C 

nder the same illumination. As for CCAx , introducing CMWCNTs 

ignificantly increased the surface temperature. The highest tem- 

erature of 70.4 °C was recorded in CCA80 because the CMWCNTs 

ere completely and uniformly distributed on the aerogel skele- 

on. The CCA80 possessed excellent photothermal capacity due to 

he improved solar absorption [ 35 ]. In the following study, CCA80 

as selected as the photothermal framework. 

However, CCA80 was a hydrophilic bio-based material that was 

imensionally unstable and the pore structure was prone to col- 

apse. In general, the impregnation of organic substances into 

orous composites was an effective method of preventing struc- 

ural collapse. EP exhibited chemical resistance and thermal stabil- 

ty, which were desirable characteristics for enhancing the shape 

tability of aerogel. Herein, the EP/CCA80 composites were pre- 

ared by injecting EP into CCA80 using the vacuum impregnation 

ethod ( Fig. 2 (e, f)). The following section will examine the struc- 

ural and photothermal properties of EP/CCA80 composites. 

.3. The chemical structure characterizations of EP/CCA80 composites 

The FTIR and XPS spectra of EP/CCA80 composites were pre- 

ented in Fig. 3 . As illustrated in Fig. 3 (a), the absorption peak at

370 cm–1 was attributed to the symmetric stretching vibration of 

he –NH2 in aromatic primary amines. The peaks at 3040 were as- 

igned to the characteristic absorption of CH2 bond and the peaks 

t 2927 and 2865 cm−1 were ascribed to C–H. The peak appeared 

t 1610 cm–1 was assigned to the N–H plane bending vibrations 

f primary amine. Besides, the peak at 917 cm–1 was generated 

ue to the epoxy ring deformation vibration. The absorption peaks 
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Fig. 2. Schematic illustration of the fabrication process of the CCA and EP/CCA composites. 

Fig. 3. The FTIR spectrum (a) and XPS spectrum (b) of EP/CCA80 composites. 
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t 1650 and 1300 cm–1 corresponding to C = O and C–O telescop- 

ng vibration on CWMCNTs, respectively. The absorption intensity 

f the characteristic peaks was relatively weak due to the low ad- 

ition of CWMCNTs. As can be seen in the XPS spectra ( Fig. 3(b) ),

he C and O contents of EP/CCA80 composites were 76.24 % and 

3.76 %, respectively. The characteristic peaks appearing at 284.8, 

86, and 288.5 eV in the C 1 s spectra of EP/CCA80 composites 

orrespond to C–C, C–O, and C = O groups, respectively (Fig. S3). 

his result corresponds to the infrared spectrum. The results of the 

TIR and XPS tests indicated that there was no interaction between 

he raw materials and that the prepared EP/CCA80 materials were 

omposites. 

.3. Morphologies and microstructure of CCA80 and EP/CCA80 

omposites 

To investigate the microstructure and dispersion of CMWC- 

Ts in CNF aerogels, the top-view and side-view SEM images 

howed the structural information of CCA80 and EP/CCA80 compos- 

te ( Fig. 4 ). From the inset optical photographs in Fig. 4 (a, d), both
316
CA80 and EP/CCA80 composites were black, facilitating the solar 

ight absorption. From the top-view SEM image in Fig. 4(a) , CCA80 

ontains a porous 3D structure composed of cellulose nanofibers 

nd CMWCNTs. From the side-view SEM image in Fig. 4(b) , CMWC- 

Ts were perpendicularly embedded in CCA, which enhanced ther- 

al conductivity. Moreover, the zoom-in SEM image in Fig. 4(c) re- 

ealed a unique interwoven aerogel skeleton to uniformly anchor 

MWCNTs onto the surface of CNF. Such a honeycomb-like struc- 

ure ensured the rapid transfer of phonons and electronics [ 36 ]. 

dditionally, the porous structure arranged vertically enhanced the 

eflection and scattering of incident light, facilitating its penetra- 

ion and utilization [ 37–39 ]. Therefore, the unique porous struc- 

ure was good for enhancing the photothermal conversion of EP 

omposites. 

To examine the microstructure influence of the EP-based com- 

osite on photothermal and thermoelectric properties, we con- 

ucted a detailed morphology analysis. In Fig. S2, the neat EP 

as transparent, smooth, and flat, allowing high light transmit- 

ance. The EP/CCA80 composites were fabricated by infusion of the 

P pre-polymer into the porous CCA and subsequent curing. As 
80 
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Fig. 4. The SEM images of CCA80 (a–c) and EP/CCA80 composites (d–f). 

Fig. 5. (a) TGA and DTG curves and (b) schematic representation of S1 , S2 , and S3 for EP/CCA80 composites. 
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Table 1 

TGA and DTG data of neat EP and EP/CCA80 composites. 

Samples Ti ( °C) 

Rp / Tp 

(% min–1 / °C) 

Char residue (wt%) 

800 °C 

EP/CCA80 328.6 13.5/381.1 13.8 

a

f

t

4

t

h

c

u

h

p

I

w

t  
emonstrated in Fig. 4(d) , the 3D porous structure was fully re- 

ained after impregnation with EP resin. The vertical section mor- 

hology demonstrated robust adhesion and compatibility between 

P and CCA80 ( Fig. 4(e) ). Furthermore, CMWCNTs were uniformly 

ispersed in the composites without visible interfaces or pores 

 Fig. 4(f) ). This orderly arrangement and orientation of CMWCNTs 

ould enhance thermal and electrical conductance, thereby boost- 

ng photothermal performance [ 40 ]. 

.4. Thermal stability analysis of EP/CCA80 composites 

The thermogravimetry analysis (TGA) was used to assess the 

hermal stability of the EP/CCA80 composites. The TGA test results 

nd schematic representation of S1 , S2 , and S3 of the EP/CCA80 

omposites are presented in Fig. 5(a) , and the corresponding data 

re shown in Table 1 . 

The EP/CCA80 composite’s degradation was initiated at 328.6 °C. 

he char residue of composites was 13.8 wt%, which was 84 % 

igher than of neat EP. The char residue had high thermal sta- 

ility, which prevented further degradation of the matrix. Besides, 

he degradation peak of EP/CCA80 composites appeared at 381.1 °C, 

hich was 12.2 °C lower than that of neat EP, corresponding to 
317
 weight loss ratio of 13.5% min−1 . The interpenetrating network 

ormed by CNF and CMWCNTs enhanced the thermal stability of 

he EP/CCA80 composites. No degradation peak was observed above 

50 °C, which implied that the generated char layer had excellent 

hermal stability [ 41 ]. Consequently, the EP/CCA80 composite ex- 

ibited excellent thermal stability, rendering it suitable for appli- 

ations at high temperatures. 

The integral procedure degradation temperature (IPDT) to eval- 

ate the thermostability and overall lifespan of polymers [ 42 ]. A 

igher IPDT was an indication of better thermostability of the com- 

osite. The formula used for calculation was as follows: 

PDT 

(
°C

)
= AK ( Tf − Ti ) + Ti (1) 

here A = ( S1 + S2 )/( S1 + S2 + S3 ) represented the area proportion of 

he TGA curve to the total TGA thermogram, K = ( S + S )/ S was
1 2 1 
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Fig. 6. The UV–vis-NIR absorbance of EP/CCA80 composites. 

Table 2 

The IPDT data of neat EP and EP/CCA80 composites. 

Samples S1 S1 + S2 S1 + S2 + S3 A K IPDT ( °C) 

EP/CCA80 29,250.91 39,600.91 75,000 0.53 1.35 588.15 

t

o

l  

s

I

f

E

3

i

p

t

C

s

i

t

t

t

m

3

d

r

p

o

C

t

s

7

(

n

a

v

w

t

F

t

he factor of A, Ti , and Tf denoted the initial and final temperatures 

f the test. The TGA curve was divided into three distinct regions, 

abeled S1 , S2 , and S3 , as presented in Fig. 5(b) , and the corre-

ponding data were compiled in Table 2 . Table 2 revealed that the 

PDT of EP/CCA80 composites increased significantly from 484.50 °C 

or the neat EP to 588.15 °C. As a result, the thermostability of the 

P/CCA composites has been enhanced. 
80 

Fig. 7. (a) Time-temperature curves of CCA80 under different irradiation intensities; (b) p

318
.5. Light absorption performance of EP/CCA80 composites 

The light absorption of the EP/CCA80 composites was tested us- 

ng a UV–vis-NIR spectrometer. As shown in Fig. 6 , EP/CCA80 com- 

osites exhibited excellent solar light-absorption performance in 

he wavelength range of 200 to 2500 nm due to the presence of 

MWCNTs. The transparent EP and the vertically aligned porous 

tructure improved the utilization of incident light. The high poros- 

ty of CCA80 had a large irradiation area and enhanced the pho- 

othermal conversion efficiency. These findings, together with the 

hermal stability in Fig. 5 , demonstrated the EP/CCA80 composite 

o be highly effective for solar energy absorption and photother- 

al conversion applications. 

.6. Photothermal performance of CCA80 and EP/CCA80 composites 

To investigate the photothermal capacity, CCA80 was tested un- 

er different radiation intensities ( Fig. 7(a) ). With raising solar ir- 

adiance from 0.5 to 1.5 kW m–2 , the obtained stable surface tem- 

erature increased from 49.9 to 94.3 °C. To examine the impact 

f photobleaching resistance on the photo-thermal conversion, the 

CA80 was irradiated under 1.0 kW m–2 for 2 h. The corresponding 

ime-dependent surface temperature is shown in Fig. 7(b) . Upon 

olar irradiation, the surface temperature quickly shot to around 

1.0 °C and stabilized at this value [ 43 ]. Infrared thermal imagery 

 Fig. 7(c) ) further illustrated CCA80 photothermal response, with 

egligible thermal degradation after 2 h of 1.0 kW m–2 irradiation, 

ffirming the composite’s durability and stable photothermal con- 

ersion capability [ 44 ]. 

To assess the photothermal properties of EP/CCA80 composites, 

e exposed them to irradiation using a xenon lamp and moni- 

ored the temperature variations using an infrared thermal imager. 

ig. 8(a) shows a schematic of this setup. Fig. 8(b) shows tempera- 

ure curves of EP/CCA composites over 600 s under different so- 
80 

hotothermal stability and (c) the IR images of CCA80 under 1.0 kW ·m–2 irradiation. 
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Fig. 8. (a) Schematic illustration of photothermal property test; (b, c) temperature variation of EP/CCA80 composites under irradiation with different power densities; (d) IR 

images and (e) photobleaching resistance of EP/CCA80 composites under 1.0 kW m–2 ; (f) comparison of photothermal performance with previous reports. 
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Fig. 9. The comparison of the solar energy conversion efficiency ( η) of as-prepared 

EP/CCA80 with previous works. 
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ar irradiation. The temperature rose rapidly after the solar light 

as activated. The EP/CCA80 composite reached maximum surface 

emperatures of 65.9, 93.2, and 110.3 °C when exposed to solar ir- 

adiation of 0.5, 1.0, and 1.5 kW m–2 , respectively ( Fig. 8(c) ). The

esult indicated that the EP/CCA80 composites possessed strong 

hotothermal conversion capabilities. The relevant IR images of 

P/CCA80 in Fig. 8(d) confirmed a uniform temperature across the 

urface EP/CCA80 , attributing this homogeneity to the even disper- 

ion of CMWCNTs in EP/CCA80 [ 45 ]. This uniformity underscores 

he efficient solar-thermal energy conversion, further evidenced by 

 comparative study (Table S2 and Fig. S4). As can be seen, the 

eating rate of EP/CCA80 (0.104 °C s–1 ) was much higher than that 

f CCA80 (0.076 °C s–1 ) under one sun irradiation. When the in- 

ident light passed through the transparent EP resin, the porous 

tructure of CCA80 increased the light-irradiated area and improved 

he photothermal conversion efficiency. 

To gauge the photothermal stability, the EP/CCA80 was ex- 

osed to 1 sun irradiation for 2 h. The surface temperature of the 

P/CCA80 composites rose to 93.2 °C, stabilizing at about 93 °C 

fter irradiation 2 h ( Fig. 8(e) ). As shown in Fig. 8(f) , EP/CCA80 

omposites exhibited excellent performance compared to most of 

he reported photothermal composites. The above results deter- 

ined that EP/CCA80 composites had excellent photothermal sta- 

ility properties and photothermal conversion efficiency. 

The EP/CCA80 (3.7 cm × 3.7 cm) were placed under 1.0 kW m–2 

olar irradiation for 10 min, and the solar energy conversion effi- 

iency ( η) was calculated according to the following Eqs. (2) and 

3) [ 46–48 ]: 

ρ = e2 

kρ
(2) 

= Q = Cρm �T 
(3) 
E PSt 

319
here Q was the thermal energy generated by the EP/CCA80 com- 

osites, which varied with heat capacity ( Cρ ) density ( ρ ,), vol- 

me ( V ), and different temperatures ( �T ). The E was the en-

rgy generated by solar irradiation, which was determined by the 

ower intensity ( P ), the irradiation area ( S ), and the irradiated 

ime ( t ) of the solar irradiation. The heat capacity ( Cρ ) of the

P/CCA80 composites was calculated by testing the thermal con- 

uctivity ( k , 0.998 W m K–1 ), density ( ρ , 1.06 g cm–1 ), and effusiv-

ty ( e , 1332.1 W s1/2 m2 K2 ) of the composite material, according 

o Eq. (1) . From the calculation, this Cρ value was 1652.31 J kg–1 

–1 . Subsequently, the photothermal conversion efficiency of the 

P/CCA80 composites was calculated by measuring the temperature 

ise of the EP/CCA80 composites under 1 solar light irradiation. Af- 

er testing and calculations, η of the EP/CCA80 was 54.35 %. The η
alues of different photothermal composites were shown in Fig. 9 . 
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Fig. 10. (a) Schematic diagram of the experimental setup; (b) achieved �T against time and (c) generated voltage against time curves of EP/CCA80 composite under different 

solar intensities; (d) comparison of maximum output voltage with previous studies. 

Fig. 11. (a) STEG conversion rates under different light intensities; (b) photograph of a small fan driven by STEG. 
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ig. 9 indicated that the EP/CCA80 was a photo-thermal compos- 

te with excellent photothermal performance compared to other 

hoto-thermal materials [ 10 , 35 , 47–51 ]. 

.7. Photo-thermal-electric conversion ability of EP/CCA80 composite 

Leveraging the superior photothermal conversion properties of 

he EP/CCA80 , we integrated it into an STEG. Fig. 10(a) shows the 

onfiguration of this STEG, which consists of EP/CCA80 , a thermos- 

lectric (TE) device, and a recirculating cooling water tank. Upon 

olar irradiation, the composite surface temperature increased, cre- 

ting an �T relative to the cooling water. The TE device can use 

uch �T to generate electricity. Fig. 10 (b, c) shows the �T across 

he TE device and the open-circuit voltage ( Voc ) over a wide pe- 

iod at various irradiances. The peak �T of the blank TE sheet 

ithout the EP/CCA80 was only 12.6 °C, and the corresponding 

oc was 117.95 mV. The EP/CCA80 composites exhibited a stable 

T of 1.7 °C and a Voc of 33.88 mV in the absence of light (Ta-

le S3). Under the solar power densities of 0.5, 1, 1.5, and 2 kW 

–2 , the maximum �T were 7.5, 25.3, 35, and 40.4 °C, respectively, 

nd the corresponding maximum Voc was 58.36, 160.29, 221.44 
320
nd 237.08 mV, respectively. In addition, the EP/CCA80 composite 

as exposed to different solar irradiation for 4 cycles, and pos- 

essed reversible �T and voltage various, indicating excellent dura- 

ility and stability in photo-thermo-electric (STE) conversion [ 43 ]. 

s presented in Fig. 10(d) and Table S4, the EP/CCA80 composites 

xhibited good solar-thermal-electric conversion ability compared 

o reported photothermal composites [ 2 , 5 , 24 , 26 , 35 , 47–52 ]. 

The STEG voltage conversion rate (VCR) of EP/CCA80 composite 

t different light intensities was plotted in Fig. 11(a) , and the rele- 

ant data were in Table S5. 

CR = Vmax − V0 

t 
(4) 

The EP/CCA80 composite VCR was 0.21 mV s–1 under 1.0 kW 

–2 irradiation and 0.34 mV s–1 under 2.0 kW m–2 irradia- 

ions. In addition, under strong light, the TE device attached to 

he EP/CCA80 composite generated electrical energy that could 

rive a small fan at a speed of 193 r min–1 ( Fig. 11(b) and

ideo S1). In summary, the EP/CCA80 composites combined with 

he TE device enable photo-thermo-electric conversion, offering a 

romising approach for the advancement of solar thermal power 

eneration. 
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. Conclusion 

In this study, we successfully developed the EP/CCA80 compos- 

tes with excellent photo-thermo-electric conversion performance, 

hrough the strategic integration of CMWCNTs within a 3D CNF 

erogel framework, enhanced by vacuum-assisted impregnation. 

he EP/CCA80 composites possessed a broad range of light ab- 

orption from 200 to 2500 nm and demonstrated excellent pho- 

othermal capacity. The surface temperature of EP/CCA80 reached 

3.2 °C and the efficiency of photothermal conversion was 54.35 % 

nder 1.0 kW m–2 of solar irradiation. Moreover, after integrat- 

ng with a TE device, EP/CCA80 composites exhibited a stable �T 

f 25.3 °C and an output Voc of 160.29 mV, demonstrating good 

hoto-thermo-electric conversion ability. This study offers a novel 

pproach for enhancing photothermal and photo-thermo-electric 

onversion properties by adding a small amount of CMWCNTs. As 

uch, the EP/CCA80 composites, in conjunction with thermoelectric 

evices, herald a promising avenue for addressing energy scarcity 

y harnessing solar energy efficiently. This breakthrough enlight- 

ns the utilization of advanced composite materials in developing 

TEGs. 
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