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Bionic evaporators inspired by natural plants like bamboo and
mushrooms have emerged as efficient generators through water
capillary evaporation. However, primitive natural evaporators cannot
currently meet growing demand, and their performance limitations
remain largely unexplored, presenting a substantial challenge. Through
extensive experimentation and detailed simulation analysis, this study
presents a precisely engineered H-type bamboo steam generator. This
innovative design incorporates a unique node structure embedded
with graphite flakes and an internode characterized by micro- and
nanoporous channels, all achieved through streamlined carbonization.
The results are striking: a water evaporation rate of 2.28 kg m 2 h™?!
and a photothermal conversion efficiency of 90.2% under one-sun
irradiation, outperforming comparable alternatives. This study also
marks the first comprehensive simulation in COMSOL modeling water
capillary evaporation, driven by the synergistic effects of photothermal
graphitic layers, broad-spectrum solar absorption, and capillary micro-
structures. The chimney-assisted, enclosed cavity structure further
enhances water capillary evaporation and thermal localization. This
breakthrough not only enables efficient use of waste biomass but also
advances the field of sustainable materials, opening new avenues in
solar-driven steam generation.

Introduction

In the pursuit of a sustainable future, the utilization of biomass
composites for solar steam generation has gained considerable
traction owing to their renewability, scalability, cost-effectiveness,
and biodegradable characteristics." Among these, cellulose-
based biomass materials extracted from various sources like
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New concepts

A new concept is proposed with the development of a precisely engi-
neered H-type bamboo steam generator, inspired by natural plant
structures such as bamboo. This innovative design incorporates a
unique node structure embedded with graphite flakes and an internode
featuring micro- and nanoporous channels, through
streamlined carbonization. Unlike traditional bionic evaporators, which
struggle to meet growing demand and have limited performance insights,
this design significantly enhances water evaporation rates
photothermal conversion efficiency. With a water evaporation rate of

achieved

and

2.28 kg m~* h™" and a photothermal conversion efficiency of 90.2% under
one-sun irradiation, it outperforms existing alternatives. Furthermore,
this study introduces the first comprehensive simulation of water
capillary evaporation using COMSOL, demonstrating the synergistic

effects of photothermal graphitic layers, broad-spectrum solar

absorption, and capillary microstructures. The chimney-assisted,
enclosed cavity structure optimizes water capillary evaporation and
thermal localization. This work advances sustainable materials science
by not only enabling efficient waste biomass utilization but also offering a
novel approach to solar-driven steam generation, paving the way for more
efficient, scalable evaporator designs.

wood,"*® cotton,””® grass,” mushrooms,'® and bamboo"" exhibit
a diverse array of advantageous functionalities. Bamboo, an
abundant and extensively used hierarchical cellular material,
stands out prominently, constituting approximately 20-25% of
biomass in tropical and subtropical regions.'> Renowned for its
rapid growth, maturing within a few months, bamboo offers
impressive attributes including a high strength-to-weight ratio,
innate hydrophilicity, wide light absorption range, and a
complex micro-nano structure.'®> These inherent traits, espe-
cially its exceptional localized heating and swift water transport
capabilities,"*”"” render bamboo particularly appealing for solar
steam generation.

Prior research has delved into utilizing bamboo as sustain-
able photothermal material in various configurations to achieve
higher photothermal conversion efficiency (PTCE) and water
evaporation rates.'®° Most of the research focuses on how to
load other functional materials into bamboo colums or directly
onto the surface of bamboo charcoal powder.>" For example,
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CS/BFs/CPPs sponge evaporator by combining chitosan (CS),
bamboo fibers (BF), and carbonized pomelo peel particles (CPP)
through freeze-drying yielded a water evaporation rate of
2.32 kg m? h™' and a photothermal conversion efficiency
(PTCE) of 89.23% under standard one-sun irradiation
conditions." However, some studies have revealed that using
the special structure of bamboo itself to make evaporators can
also reach or even exceed functional materials.>*** Zhang et al.
engineered a three-dimensional (3D) carbonized bamboo (CB)
at high temperature of 700 °C,>* achieving an impressive water
evaporation rate of 2.03 kg m~> h™' with a PTCE of 90% under
comparable circumstances. Despite the recent surge in studies
exploring bamboo’s role in steam generation, the effective
utilization of its inherent characteristics—particularly its node
and internode structure—to design an efficient steam generator
remains an area requiring deeper investigation.

A significant challenge in achieving highly efficient and
consistent solar steam evaporation lies in attaining simulta-
neous thermal localization and a continuous evaporation
process.”® Traditional solar steam generator setups employ
planar-structured solar absorbers to facilitate water evaporation
and photothermal conversion but encounter challenges such as
heat loss and irregular evaporation rates due to inconsistent
airflow from natural air circulation.>®?” These shortcomings
hinder the development of straightforward evaporators that
combine effective thermal localization with spontaneous air
circulation, primarily due to insufficient understanding of air-
flow dynamics, water vapor transport, and heat dissipation
during solar evaporation.”®*° Ming et al. demonstrated that
chimney-assisted convection effectively reduces vapor conden-
sation around the evaporator, maintaining low local humidity
and enhancing evaporation performance.*® Additionally, cavity
structures confine heat within an enclosed space, creating a
stable thermal gradient that maximizes energy efficiency.’
These insights highlight the critical roles of fluid dynamics
and thermal management, particularly through chimney and
cavity effects, in improving evaporation efficiency. Conse-
quently, designing efficient steam generators that leverage
these mechanisms has become an increasingly important focus
in solar evaporation research.

This investigation introduces a carefully engineered bamboo
steam generator developed through extensive experimentation
and thorough simulation analyses. This innovative H-type
generator incorporates a unique node enriched with graphite
flakes and an internode characterized by inherent micro/nano-
porous channels. The design, achieved through a refined
carbonization process, demonstrates exceptional performance:
boasting a water evaporation rate of 2.28 kg m > h™' and a
photothermal conversion efficiency of 90.2% under one sun
irradiation, surpassing comparable alternatives. This achieve-
ment is credited to the combined effects of photothermal
graphitic layers, broad solar absorption, and a structured
porous framework. Notably, the chimney-assisted and enclosed
cavity structures within our carbonized bamboo steam genera-
tor play pivotal roles, significantly reducing heat loss and
expediting water evaporation processes.
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Results and discussion

Fig. 1A presents a schematic depiction of the fresh bamboo
culm (Bambusa multiplex), emphasizing the distinction between
its node and internode segments. To elaborate, the node serves
as a diaphragm partition separating two internode segments,
contributing structural stability to the stem. In contrast, the
internode refers to the stem segment devoid of such a diaphragm
partition. The field-emission scanning electron microscopy
(FESEM) provided a top view of the internode (INp¢), showcasing
a porous honeycomb-like architecture with openings measuring
45-47 um in diameter (Fig. 1B). Meanwhile, the side-view FESEM
highlighted the longitudinal micrometer-scale porous channels
within the internode’s vascular bundles. Contrastingly, the
FESEM top view of the node unveiled flake-like layers, and the
atomic force microscopy (AFM) image exhibited two-dimensional
(2D) sheets with small picometer-sized pores on the surface. X-ray
diffraction (XRD) patterns (Fig. S1, ESIt) were utilized to probe
the chemical structure of the materials. The node sample
revealed a distinct diffraction peak at ~25.1° (002), indicating
hexagonal graphitic carbon (JCPDS 56-0159) in Ngr, termed node
graphite flake, which is not the case of INpc. Raman spectroscopy
(Fig. S2, ESIt) of both Ngr and INp samples displayed an I/l
value of 0.60 compared to INp¢ (i.e., Ip/Ig = 0.74), indicating a
higher degree of graphitization in Ngp.**?* X-ray photoelectron
spectroscopy (XPS, Fig. S3 and S4, ESIt) indicates an abundance
of oxygen-containing groups on the surfaces of Ngr and INpc.
The Ngr solar absorber achieved nearly 100% light absorption
across the 200-2500 nm range, indicating its superior capacity for
solar steam generation (Fig. 1C). Conversely, the INpc absorbed
significantly in the UV range but only 40% in visible and near-
infrared spectra. Ngr exhibited higher surface temperatures than
INpg, reflecting its superior photothermal performance, as seen
in the temperature profile graph under 1 sun irradiation
(Fig. 1D). Both absorbers showed a rapid initial temperature rise
with Ngr outperforming INp¢ over time. Ngr attained a maximum
surface temperature (Tpay) of 330 K, compared to 312 K for INpc.
Tmax for both dropped quickly to around room temperature
(~295.15 K), highlighting their light-dependent characteristics.
A linear relationship was observed between absorber tempera-
tures and irradiation intensity (1-4 sun) (Fig. 1E). Ngr reached
steady state faster than INpc at all intensities. Thermal infrared
(IR) images (Fig. 1F) showed Ngr and INp¢ at 4 suns both warmer
from above, with INpc cooler from the side, suggesting potential
for water transport. The combination of Ngr and INpc showed
improved thermaldistribution and a low heat loss rate of 9.9%
(radiation: 5.4%, convection: 4.5%), indicating efficient thermal
management (Note S1, ESIt). Therefore, the high degree of
graphitization and excellent light absorption properties of Ngp
ensure efficient conversion of solar energy into heat, directly
boosting water evaporation rates. The high thermal conductivity
of Ngr facilitates localized heating at the evaporator surface,
minimizing heat dissipation to the surrounding environment.
Ngr reinforce the node’s structure, providing mechanical stability
during repeated use and contributing to the evaporator’s long-
term durability. The combination of Ngr in the node and the

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic illustration of hierarchical microstructures and chemical analyses of CB; (A) digital image of bamboo (Bambusa multiplex) from China
(120° 04’ N, 30° 55’ W, Deqing, Huzhou county, Zhejiang province); (B) FESEM images of INpc and Ngr from the top-view and side-view (inset); (C) UV-

Vis-NIR absorption spectra. (D) Time-course temperature recordings under one simulated sunlight (1 kW m

~2) with AM 1.5G solar irradiation as a

reference. (E) Time-course temperature recordings of both Ngr and INPC at various simulated light intensities (1-4 sun). (F) IR thermal images distribution

of both Ngr and INPC on water under 4-sun irradiation.

porous channels in the internode synergistically enhances water
transport and evaporation by ensuring consistent water supply to
the photothermal layer. These characterizations and insights into
the role of Ngr their critical contribution to the high performance
of evaporators.

Fig. 2 and Fig. S5 (ESIT) show three types of bamboo-inspired
steam generators: H-type, T-type, and —type. These homemade
generators were tested in solar steam generation experiments
(Fig. S6, ESIT), evaluating performance based on water evapora-
tion rate, enhancement factor (EF), and photothermal conversion
efficiency (PTCE) using eqn (S1-S3, ESIf). A control experiment
with hollow PE foam on DI water without a solar absorber served
as the baseline. Comparisons were made between the H-type
generator and the T-type and —type controls. Water mass
changes were measured with an analytical balance under 1 sun
irradiation for 30 minutes (Fig. 2B). The optimized H-type

This journal is © The Royal Society of Chemistry 2025

generator achieved a water evaporation rate of 2.28 kg m> h™",
surpassing the control (0.74 kg m*> h™"), T-type (1.82 kg m* h™),
and —type (0.78 kg m> h™") by 3.08, 1.25, and 2.92 times,
respectively. Dark-condition evaporation rate was 0.35 kg m* h™,
which was subtracted from solar measurements to isolate sun-
light effects. EF values for H-type, T-type, and —type generators
against the control were 3.39, 2.71, 1.87, and 1.10, respectively
(Fig. 2C). Fig. 2D shows evaporation rates under varying solar
conditions (1-4 suns), with the H-type generator showing sig-
nificant increases from 2.55 kg m®> h™" to0 4.92 kg m* h™" at 2, 3,
and 4 suns, respectively (Fig. S7, ESI). The H-type generator
achieved a high evaporation rate of 2.28 kg m* h™* and a PTCE of
90.2%, which is much higher than reported bamboo-based
generators, including —type and T-type steam generators
(Fig. 2E and Table S1, ESIt). Moreover, it also surpassed the
other functional materials in —type and T-type steam generators

Mater. Horiz., 2025, 12, 2389-2397 | 2391
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Fig. 2 (A) Schematic illustration of H-type, T-type and —-type steam generators according to the natural structure of bamboo. (B) Cumulative mass
change of DI water against time under different conditions: water in dark (dark), water under sunlight irradiation (blank), water with PE foam (control), and
different steam generators under 1 sun irradiation. (C) Enhancement factor graph and (D) water evaporation rate performances under different simulated
solar irradiation (sun) using H-type, T-type and —-type steam generators. (E) Comparison of evaporation rate capabilities in different modification
strategies for bamboo-graphite as steam generators. (F) Comparison of evaporation rate capabilities of this work steam generator against other

previously documented steam generators under 1 sun irradiation (Table S1, ESI).

(Fig. 2F and Table S2, ESIY), indicating the superior performance.
Its durability was confirmed with minimal mass loss after 25
reuse cycles (Fig. S8, ESIt).

Solar water evaporation was tested on simulated seawater
with NaCl concentrations of 1.5, 2.5, and 3.5 wt% (Fig. S9, ESI).
Higher salt concentrations led to reduced mass change and
evaporation rates due to salt accumulation. The H-type steam
generator demonstrated self-cleaning with salt crystallizing dur-
ing the day and dissolving at night (Fig. $10, ESI{).**** Long-
term stability was assessed by exposing the generator to 8 h of
solar irradiation and 16 h of darkness, showing effective salt
dissolution due to the 3D hierarchical structure of the bamboo.
Desalination efficiency was tested with the H-type prototype on
3.5 wt% seawater, with significant reductions in metal ion
concentrations, meeting WHO standards (Fig. S11, ESI{).>® The
H-type, T-type, and —-type generators showed PTCEs of 90.2%,
84.4%, and 90.4%, respectively, with the H-type outperforming
the control by fivefold (Note S2, ESIT). Moreover, the evaporation

2392 | Mater. Horiz., 2025, 12, 2389-2397

efficiency of the H-type bamboo steam generator was tested
under actual sunlight over three days to evaluate its performance
under realistic conditions (Fig. S12, ESIt). Eight modular H-type
bamboo evaporators were tested under actual sunlight over
three days, achieving a combined evaporation efficiency of
10.63 kg m~>d " at a solar intensity of 0.75 suns, demonstrating
its adaptability to fluctuating sunlight conditions and ability to
sustain high evaporation rates. Additionally, the potential chal-
lenge of selective absorption in the H-type evaporator design was
examined under non-vertical solar irradiation. Even at a 30°
angle of incidence, the evaporator retained approximately 80%
of its performance, highlighting its resilience to varying solar
angles (Fig. S13, ESIt).

The optimization of H-type solar generators involved adjust-
ing the chimney and cavity heights (Fig. 3A), where T and B
denote the top and bottom heights of chimney relative to cavity,
with L being node thickness (~0.2 cm). Mass changes were
measured with an electronic balance, and temperatures were

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) A schematic illustration of the H-type steam generator under simulated sunlight, with the following terminologies INp(T), Ngr(L) which L = 0.2 cm, and
INpc (B) labelled accordingly. Markers are used to designate stable temperature points (TO, T1, T2, T3, and T4). (B) Adjusting the heights of INpc(T) to achieve an
optimized profile of stable temperature points (TO-T1), while maintaining a constant INpc(T)(1), and the corresponding time-course water evaporation rate of
H-type steam generator with varying T heights. (C) Maintaining a constant INpc(1)(B) while adjusting the heights of INpc(B) to achieve stable temperature profile
points (T1-T4), and the corresponding Time-course water evaporation rate of H-type steam generator with varying bottom heights. Chimney (D) and cavity
(E) simulated effects of H-type steam generator. Temperature, atmospheric pressure, and airflow rate profiles of chimney effect and temperature profile of cavity effect.

monitored with sensors (T0-T4). Evaporation rates increased
linearly with chimney height but decreased due to reduced heat
exchange at excessive heights. Optimal performance was
achieved with a top height (T) of 4 cm, yielding a maximum
evaporation rate of 1.77 kg m~> h™" (Fig. 3B). Similarly, adjusting
the bottom height (B) while keeping the top height fixed at 1 cm
showed that the best rate of 2.12 kg m~2 h™' was at a bottom
height of 3 cm (Fig. 3C). The Ngr and INp¢ segments enhance the
H-type solar steam generator through light-to-heat conversion
and water transport, driven by the chimney and cavity structure.

This journal is © The Royal Society of Chemistry 2025

To delve deeper into the phenomena of chimney and cavity
effect in an H-type steam generator, we employed a finite-element
method (FEM)-based 3D model, COMSOL 6.1 Multiphysics, to
analyze the flow field in conjunction with temperature data (Note S3
and Fig. S14, 15, ESI¥).””*® The chimney’s higher temperature
relative to ambient air creates a pressure differential (Ap), gen-
erating upward airflow that accelerates evaporation by removing
moisture from the surface (Fig. S16, 17 and Movie S2, ESIY).
Dalton’s law supports that increased pressure variance speeds up
evaporation. Modeling showed that a 4 cm chimney height

Mater. Horiz., 2025, 12, 2389-2397 | 2393
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optimized temperature difference, pressure, and airflow, boost-
ing evaporation rates (Fig. 3D).*° However, higher chimneys
reduced heat exchange velocity, diminishing evaporation rates.
An optimal cavity bottom height of 3 cm improved heat retention
by minimizing heat loss (Fig. 3E, Fig. S18, 19 and Movie S3,
ESIT).*° This retention was observed through smaller tempera-
ture differences between cavity sensors T2 and T3 compared to
larger differences between chimney sensors T1 and TO, high-
lighting the cavity’s role in enhancing PTCE.

The study involved simulations of light-to-heat and water
transport within an H-type steam generator, specifically within
an oval-shaped microstructure channel and cavity (Fig. 4A),
which confirmed a laminar flow structure. The simulation
approach was guided by a backstep geometry tutorial using the
Navier-Stokes equations for incompressible fluid flow (eqn S5

(A)

Light-to-heat
conversion

(B) ;

1

1

1

|

i

i
Adjacent channel |
1

1
Surface channel E
i

1

1

1

Water transport

View Article Online

Materials Horizons

and S6, ESI'Jr).41 The software was utilized to conduct a laminar
flow simulation of the steam generator, computing temperature,
pressure, and velocity during the flow (eqn S7 and S8, ESIT). In
the simulation (Fig. 4B), temperature sensors (T1 and T2) were
strategically placed on the Ngp surface: T1 at the upper end and
T2 at the lower end, with the center of the Ngp surface defined as
0 cm and a radius of 0.7 cm. Upon exposure to simulated
sunlight, we monitored the computed surface temperature dis-
tribution, including temperature profiles relative to longitudinal
height and lateral radius length. A notable temperature increase
was observed at the center of the Ngr compared to the INpc
counterpart. This difference is attributed to factors such as the
higher density of layered graphite flakes on the Ngr surface and a
broader solar absorption bandwidth, both of which enhance the
photothermal capability of the Ngg. Furthermore, heat loss along

Light-to-heat ® Water
conversion Water transport

® Water

- S T ST S| 101424 P,
E § 330K | T(K) Tmax=3302K Time (s), MeefohBiRe] .
o ~ E A A i
< = B | S !
\6 : /_\" :
a 1 o N 1
z | |
N i S i 101333 Pa
= b7 (K) l4em " Time (s): Ngr channel
%5 3 i A Thax =326.2K ) ] CF 0.001 m s
D = —— | ——
5 ] @ !
o i Z 2 i
Z : — :
¥, 23K T, i
1 1
g 0-7.em i ____________ 14cm___ ~ i 0 ms'
(=) RN | ) SO —————————— (G)
& 330K 101326 Pa 003ms™ £ 10 Ll
I @ 8
1 o
-
i B 6
I ©
i é— 4 [
| B 4
1 £
kel
- 293 K
i 2 1.009 08 0.7 06 05
293K 101300 Pa Oms”’ i ]

Fig. 4

Relative humidity (RH)

(A) Schematic illustration of H-type steam generator. Photothermal and water transport mechanisms of Ngr and INpc. (B) Schematic side-view

illustration of H-type steam generator, along with its corresponding computed surface temperature distribution with varying radius lengths of Ngg from 0
to 0.7 cm. (C) Temperature distribution of Ngr along the longitudinal and lateral directions (Ty: upper portion and T,: lower portion of Ngg). (D) Vapor
pressure and evaporation rate of steam transfer simulation at Ngr. (E) Schematic mechanism illustration of oval-shaped water-capillary-vapor
microstructure channel of INpc. (F) Temperature and vapor pressure distribution, as well as water capillary evaporation rate of INpc. (G) Relative
humidity, longitudinal INpc distance, and temperature distribution graph of INpc.
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the axial direction of the Ngr surface was observed (Fig. 4C). The
temperature at the upper Ngp surface (T1) was computed to be
330.2 K, while the lower surface temperature (T2) was 326.2 K,
indicating a 4.0 K temperature decrease. Over time, a linear
relationship between temperature distribution on the Ngr surface
and its lateral diameter of 1.4 cm was evident. Additionally,
computational modeling of Ngr channels (Fig. 4D) revealed
steady-state evaporation occurring at various channel sites (e.g,
interlayer, adjacent, and surface) of the Ngg, as shown in Fig. 4E.
The difference in atmospheric pressure between the upper and
lower sections of the Ngr facilitated the upward movement of
water molecules, thereby increasing the rate of evaporation
through the Ngp channels (Fig. 4F). XPS data (Table S2, ESIY)
reveal that the Ngr sample has a high content of oxygenated
functional groups, enhancing its hydrophilicity.

Raman measurements (Table S3, ESIT) show a low Ip,/I; ratio
in Ngp, indicating fewer defects and a more ordered structure,
which contributes to higher water evaporation rate. INpc’s oval-
shaped microstructures, simulated under sunlight, were ana-
lyzed for flow fields and evaporation rates. The upper INPC
sections exhibited photothermal effects, while the lower sec-
tions showed efficient water transport due to capillary action.
Highest evaporation rates were noted at the inlet and outlet of
the oval micropore channels. Contact angle analysis (Fig. S20,
ESIT) confirmed Ngr and INp¢’s superior wetting and evapora-
tion rates. Computational analysis (Fig. 4G) showed a clear
correlation between temperature, INpc length, and relative
humidity (RH), with higher temperatures and shorter lengths
leading to increased evaporation rates due to decreased RH.

Combined with the results of experiments and simulations,
The enhanced performance of the H-type structure can be attrib-
uted to the synergistic effects of its chimney-assisted and cavity-
enclosed design. These features improve spontaneous airflow,
minimize heat dissipation, and enhance thermal localization,
thereby accelerating water evaporation. The —type structure,
characterized by its planar configuration, demonstrated the lowest
evaporation rate due to its high susceptibility to heat loss and
limited airflow facilitation. The T-type structure, which introduces
a vertical alignment to the evaporator but lacks the enclosed cavity
design of the H-type, performed better than the —type but still fell
short in achieving optimal thermal management and water trans-
port efficiency. By contrast, the H-type structure integrates the
advantages of both chimney and cavity effects, ensuring efficient
heat retention, reduced heat loss, and consistent evaporation rates.
The optimized airflow dynamics within the chimney further boost
evaporation by facilitating the removal of water vapor from the
surface. Additionally, the hierarchical node and internode struc-
tures of the H-type bamboo contribute to enhanced water trans-
port and light absorption, further improving its photothermal
performance.

Conclusions

In summary, we have fabricated a sustainable H-type steam
generator via a one-step carbonization process. Owing to the

This journal is © The Royal Society of Chemistry 2025
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merits of the broad solar absorption band, synergistic light-to-
heat conversion, water transport capabilities and hierarchical
3D structure network, the H-type steam generator yielded an
excellent water evaporation rate of 2.28 kg m > h ™' with a PTCE
of 90.2% under one sunlight irradiation. A computational
model was employed to explore vapor pressure, water evapora-
tion rates within Ngr nanochannels and INpc microchannels,
and the dynamics of airflow and vapor pressure associated with
chimney and cavity temperatures. Essentially, the chimney
effect expedites the evaporation rate by harnessing the inherent
airflow resulting from the temperature and atmospheric pres-
sure variance between the air inside and outside the chimney.
Concurrently, the confined cavity effect curtails heat transfer
within the air, aiding in reducing heat loss and thereby enhanc-
ing the overall PTCE. Moreover, the H-type steam generator
demonstrates robust cycle stability after reuse for 26 times with
remarkable self-cleaning ability in desalination applications.
We envisioned that our findings could create opportunities for
designing novel smart sustainable device structures, that can
be applied to attractive applications in desalination, industrial,
and domestic wastewater abatement.
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