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Maintaining indoor air relative humidity (R.H.) within the 40-60%
range recommended by the American Society of Heating, Refrigerat-
ing, and Air-Conditioning Engineers (ASHRAE) significantly impacts
human comfort and health. However, conventional solutions like
dehumidifiers and humidifiers increase energy consumption, challen-
ging the building sector’s carbon neutrality goals. Here, we present an
innovative composite material comprising wood and metal—organic
frameworks (MOFs) that passively regulates indoor humidity by
absorbing and releasing moisture. Our universal fabrication strategy
enhances wood scaffold accessibility and increases MOF loading,
resulting in a significant surface area increase, surpassing previous
MOF/wood composites. This MOF/wood composite exhibits remark-
able water sorption capacity, autonomously maintaining indoor
humidity around 45% R.H. without external energy consumption. This
aligns with ASHRAE recommendations, offering indirect energy savings
and promoting a health-friendly indoor environment. Furthermore,
the MOF/wood composite outperforms many existing materials in
mechanical strength, dimensional stability, and scalability, making it
highly suitable for building applications and contributing to carbon
neutrality in the building sector.
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New concepts

This work introduces a novel MOF/wood composite for passive indoor
humidity regulation, maintaining relative humidity at around 45% with-
out additional energy consumption. When triggered, the MOF/wood
composite absorbs and releases moisture autonomously, offering an
energy-efficient alternative to traditional dehumidifiers and humidi-
fiers. The innovative fabrication method significantly increases the
surface area of wood by loading MOFs, enhancing the material’s
performance. Distinct from existing research, our composite outstands
in humidity regulation performance, strength,
dimensional stability. This study provides new insights into sustainable
and smart building materials, highlighting their potential to create
healthier indoor environments and contribute to energy conservation.

mechanical and

Introduction

Relative humidity (R.H.) is crucial for both indoor comfort and
human health. The American Society of Heating, Refrigerating,
and Air-Conditioning Engineers (ASHRAE) has recommended
maintaining an indoor R.H. range of 40-60% for optimal living
conditions to minimize adverse health effects."”> However,
more than two-thirds of land areas experience humidity levels
outside of the ideal humidity range and the outdoor climatic
conditions have a significant effect on the indoor humidity
variations.> Consequently, regulating systems are required to
actively regulate indoor humidity to maintain a comfortable
humidity range.* To date, the main solutions to actively control
and tune indoor humidity are dehumidifiers and humidifiers.
However, these energy-intensive devices cannot meet the current
challenges of energy savings and carbon neutrality. Hence, auto-
nomous humidity regulation systems that allow the humidity to be
passively regulated through the exchange of moisture between
hygroscopic materials and the surrounding environment have
gained increasing attention.'®'® Developing next-generation build-
ing materials that can automatically and simultaneously regulate
indoor humidity would have remarkable potential in reducing the
energy consumption of buildings and creating comfortable and
healthy living conditions.

This journal is © The Royal Society of Chemistry 2024
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Wood is a carbon-storing and renewable building material
with natural hygroscopicity because of its porous structure
and lignocellulosic composition. Wood has been proven to be
effective in mitigating R.H. changes by exchanging moisture
with air.'”?' However, the effectiveness of native wood in
regulating humidity is limited by a comparably low sorption
capacity and a slow rate of moisture exchange.>" Moreover, the
hygroscopic nature of wood causes fluctuations not only in its
moisture content, but also results in poor dimensional stability
due to shrinkage and swelling, which is often regarded as a flaw
in practical applications.”* Numerous efforts have been taken to
improve the dimensional stability by wood modifications.>*™
However, these modification methods usually further reduce the
ability of wood to regulate humidity. Therefore, developing
modification strategies that can improve the humidity regulation
ability of wood while maintaining its dimensional stability is a key
challenge.

One possible strategy is functionalization of wood with
hygroscopic adsorbents. Previous work by Ran et al. introduced
a deep eutectic solvent (DES) modified wood integrated with
heat treatment.”” The hygroscopic nature of DES combined
with the increased porosity resulting from DES modification
endowed the wood with an enhanced water sorption capacity.
Ding et al. demonstrated that CaCl, modified wood shows
effective indoor humidity regulation performance and was able
to buffer a R.H. fluctuation of 75-30% to 51-34%.2% However,
the humidity regulation range with CaCl, modified wood does not
coincide with the ideal humidity range for health promotion.
Alternative adsorbents include silica gel, microporous zeolites,
and molecular sieves.”® Nevertheless, the practical application
of these materials is limited by their high regeneration tem-
perature or nonideal effective humidity range. In recent years,
metal-organic framework materials (MOFs) have attracted
increasing attention due to their remarkable potential in pas-
sive dehumidification and autonomous indoor humidity reg-
ulation, which is primarily attributed to their exceptional water
vapor adsorption and storage properties.**® To address the
processing and handling challenges associated with the inher-
ent nature of MOFs, strategies of incorporating MOFs within
wood to build MOF/wood composites were developed.®**°
By taking advantage of the good mechanical strength and the
multi-scale porosity of wood, MOF/wood composites have been
explored for various potential applications, such as gas separa-
tion,> water purification,*" hydrogen generation,*® energy
harvesting®® and etc. To date, the application of MOF/wood
composites in the field of indoor humidity control has not been
reported. Arguably, this is due to low MOF loading and an
inhomogeneous MOF distribution in MOF/wood composites,
mainly because of a restricted accessibility of the porous wood
scaffold. Overcoming this challenge is crucial to achieve desir-
able humidity regulation performance.

In this work, we present a universal strategy for fabricating
MOF/wood composites by enhancing the accessibility of porous
wood through a laser-drilling process, followed by a multi-
time MOF impregnation. The obtained MOF/wood compo-
sites showed remarkably high MOF loading and surface area,
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resulting in enhanced water sorption capacity. This composite
can autonomously regulate indoor humidity by absorbing/
releasing moisture, thereby maintaining the indoor humidity
at ~45% R.H. with near-zero energy consumption.

Results and discussion
Fabrication of MOF/wood composite

The porous structure of wood provides a suitable scaffold for
hosting MOF particles, thereby addressing the challenges asso-
ciated with processibility. However, the loading of MOFs is
constrained by the limited accessibility of the porous structure
of wood. Wood exhibits a distinctive hierarchical porous struc-
ture, characterized by hollow tube-like cells that are axially
aligned (Fig. 1A). In this study, the focus was on the utilization
of poplar wood with an axial tissue comprising vessels and
fibers, with lumina diameters between 60-100 pm and 5-15 pm,
respectively (Fig. 1B and C). Individual vessels are connected via
pits, which facilitate water transport between vessels in the living
tree. However, these water pathways restrict the passage of nano-
particles to deeper areas of the wood, which impedes a high
loading of larger bulk wood specimens with MOFs, restricting
their impact on the performance of the composite. In previous
studies, pretreatment methods including delignification or carbo-
nization have been primarily employed to enhance the accessibility
of wood and thereby improve the MOF loading within MOF/wood
composites (Table S1, ESIT).*>**™" However, these approaches
often compromise the mechanical properties of wood. In contrast,
the objective of this study was to preserve the natural properties
of wood, including its appearance, structure, and mechanical
strength, to the greatest extent. This challenge was addressed
through a scalable two-step fabrication process (Fig. 1A). In the
first step, we employed a laser drilling process to cut open vessels
and fibers, resulting in so-called lasered wood (Fig. 1D and E and
Movie S1, ESIf). The diameter of laser-drilled channels was
approximately 300 pm with 100 pm distance between channels.

To find suitable MOFs for humidity regulation application,
we compared the water adsorption capacity and desorption
trigger points of commonly used MOFs and other representa-
tive water-adsorbing porous materials (Fig. S1, ESIf).*®>7¢!
In this work, we selected MIL-101(Cr) to demonstrate proof of
concept because of its widely reported high water sorption
capacity and optimum regulation of moisture in the recom-
mended R.H. range. These features reflect the working capa-
cities and working humidity range to ensure an optimal
humidity regulation performance. Studies on the toxicity of
MIL-101(Cr), conducted both in vitro®® and in vivo,** have
demonstrated its biocompatibility. These findings suggest that
MIL-101(Cr) can be safely used indoors without posing any
health concerns.

In the next step, MIL-101(Cr) nanoparticles were synthesized
and introduced into the wood scaffold to improve the water
sorption capacity of wood. MIL-101(Cr) was successfully synthe-
sized, and the morphology was studied by scanning electron
microscope (SEM) (Fig. S2, ESIt). The crystalline structure was
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Fig. 1 Fabrication of MOF/wood composite. (A) Illustrations of fabrication process and microstructure of MOF/wood composite. (R x L x T represents
Radial x Longitudinal x Tangential directions). (B) Cross-sectional SEM image of native wood sample. (C) Radial-sectional SEM image of native wood
sample. (D) Tangential-sectional SEM image of laser-drilled wood sample. (E) Radial-sectional SEM image of laser-drilled wood sample showing the
wood fibers/vessels cut open. (F) EDXS mapping image of MOF/wood composite from radial-section showing the uniform distribution of MIL-101(Cr)
on lasered-drilled wood scaffold. (G) Radial-sectional SEM image of MOF/wood composite with uniform MOF coating on the lumen surface. (H) XRD
spectra of native wood, MIL-101(Cr) and MOF/wood composite. (I) XPS spectra of the O 1s peak of native wood, MIL-101(Cr) and MOF/wood composite.
(J) An image of the MIL-101(Cr) powder and MOF/wood composite.

confirmed by X-ray diffraction (XRD) measurements (Fig. 1H). sorption hysteresis happened at ~40% R.H., falling into the
Water sorption isotherms of the as-synthesis MIL-101(Cr) ideal humidity range.

showed high water uptake capacity of 142%, together with a steep After synthesis, MIL-101(Cr) MOFs were introduced into the
S-shaped sorption isotherm (Fig. S3, ESIt). The pronounced wood scaffold via an ex situ growth approach. The ex situ growth
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method is beneficial for achieving high and controllable MOF
loading by regulating the impregnation time. SEM and energy-
dispersive X-ray spectroscopy (EDXS) mapping demonstrated
that after 15 impregnation cycles, a dense layer of MOF is
deposited on the wood cell wall (Fig. 1F and G and Fig. $4,
ESIt), as confirmed by respective XRD patterns and X-ray
photoelectron spectroscopy (XPS) spectra peaks (Fig. 1H and I).
The organic ligand employed in the synthesis of MIL-101(Cr) is
terephthalic acid (CgHeO,4), which contains numerous carboxyl
groups, capable of forming hydrogen bonds with the hydroxyl
groups present on the wood surface, thereby facilitating the
anchoring of MIL-101(Cr) on the wood surface. Consequently,
MIL-101(Cr) can demonstrate consistent and robust adhesion to
inner walls of wood cells, thereby mitigating concerns related to
MOF aggregation, uneven distribution, and weak interaction.
Compared to one impregnation cycle that results in a MOF
loading of approximately 1%, the MOF loading can reach up to
17% after 15 impregnation cycles. Multi-time coating strategy

One-time impregnation

15-time impregnation
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allows to achieve a high loading efficiency of MOF (Fig. 2A
and B, and Fig. S5, ESIt). It is worth mentioning that the multi-
time coating strategy is only feasible for lasered wood as
its porosity is easily accessible after opening the wood fibers
with laser. After 15 immersing cycles, the MOF loading of non-
lasered wood is only around 2%, proving the necessity of the
laser drilling process (Fig. 2B and C). In addition to penetration
through the open cells from the cross section of wood, MOFs
are able to access the wood structure through the laser drilled
channels. Wood membranes with a thickness from 0.8 mm to
4 mm showed similar MOF loading after 15 impregnation
cycles (Fig. 2D).

The high loading of MOF significantly affects the porosity,
which was studied by N, sorption (Fig. 2E and Fig. S6 and S7,
ESIT). The N, adsorption isotherms of native wood revealed
low surface area whereas the resulting MOF/wood composite
exhibited remarkably improved surface area because of
the incorporation of MOFs. While native wood showed a
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Fig. 2 The impact of preparation parameters on the MOF loading. (A) Schematic representation of the MOF loading state on lasered wood cell wall after
one time and 15-time coating. (B) MOF loading on native wood scaffold and lasered wood scaffold with varying impregnation times. (C) Schematic
representation of the MOF loading state on native wood cell wall after one time and 15-time coating. (D) The MOF loading on native wood scaffold and
lasered wood scaffold with varying membrane thickness after 15 impregnation cycles. (E) N, adsorption isotherms of native wood and MOF/wood
composites. (F) BET surface area calculated from N, adsorption and comparison with previous works.
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Brunauer-Emmett-Teller (BET) surface area of 0.343 m” g *,
the pure MIL-101(Cr) showed a BET surface area of 2791 m* g~ *
(Table S2, ESIY), resulting in MOF/wood composite with a BET
surface area of 316 m* g, which was 920 times increased
compared to native wood. The surface area of the MOF/wood
composite developed in this work surpasses previously reported
MOF-modified wood composites, due to the high loading of
MOFs (Fig. 2F and Table S1, ESI{).*3751,64766

Investigation of water sorption and dimensional stability

We further investigated the water sorption capacity of native
wood and the MOF/wood composite with a dynamic vapor
sorption (DVS) analyzer. The water sorption capacities of native
wood and the MOF/wood composite are 28.35% and 39.42%,
respectively. The enhanced water uptake capacity of the MOF/
wood composite is attributed to its high surface area and
hygroscopic properties, which result from the substantial
MOF loading (Fig. 3A and Fig. S8, ESIt). Notably, the MOF/
wood composite also exhibits a more suitable sorption/
desorption humidity range compared to native wood. At around
40% R.H., the composite demonstrates the highest hysteresis,
which is advantageous for humidity regulation (Fig. 3B). After a
ten-cycle measurement, the sample revealed no decrease in
water sorption capacity, indicating stable composite-water
interactions (Fig. 3C). Overall, the MOF/wood composite devel-
oped in this work successfully met the criteria for humidity
regulation application: (1) high water-uptake capacity, (2) steep
S-shaped sorption isotherms with a pronounced hysteresis in
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the ASHRAE requisite range of 40-60% R.H., and (3) long-term
stability and cycling performance.

Dimensional stability under dynamic humidity levels is
another crucial factor for the applicability of the composites.
An increase in moisture content of wood results in swelling,
which varies in magnitude along different directions, owing to
the anisotropic structure of wood. Native poplar wood showed a
maximum swelling of 8.2% in the tangential direction, 3.2% in
the radial direction, and 0.27% in the longitudinal direction,
when exposing oven-dry samples to 95% R.H. Even though the
MOF/wood composite exhibited enhanced water absorption
capacity due to the incorporation of MOFs, they still main-
tained much better dimensional stability than the native wood
(Fig. 3D). MOF/wood composite showed less pronounced swel-
ling, ~3.2% in the tangential direction, ~2.0% in the radial
direction, and ~0.22% in the longitudinal direction. Even after
100 wetting/drying cycles, no cracking or bending of the MOF/
wood samples was observed (Fig. 3E). Besides long-term stabi-
lity and dimensional stability, the mechanical properties of the
composites also play an important role in their usage, particu-
larly in building scenarios. After laser drilling, the lasered wood
showed an ultimate tensile stress of ~24 MPa, which is 40%
less compared to native wood, but still provides sufficient
mechanical stability. The ultimate tensile stress of MOF/wood
composite remained comparable to that of lasered wood,
suggesting that the MOF coating process did not further alter
the mechanical properties of the composite (Fig. 3F and
Table S3, ESI¥).

A B C
—s=— Adsorption-Native wood — 20

— 40 —— Desorption-Native wood 7 x 50

X —»— Adsorption-MOF /wood s & 154 §

:;, 30 |—— Desorption-MOF/wood P g i E

Q) —

= — £ 10; I 2

£ 20; 2 I S

5 £ | 5

— IS 5+ I

2 10/ B 1N 3

2 = -~ 1 g,

5 9 04 »“ 1
ol f‘ﬂg‘-‘ 2 !
0 20 40 60 80 100 O 20 40 60 8 100 0 2 4 6 & 10
P/Po (%) P/Po (%) No. of test
D 10 -
[ Native wood Native wood
8 [ MOF/wood Lasered wood

3 ) —— MOF/wood
<

S 64

©

[)

2 4]

©

2

» 7]

Radial

Tangential
Dimensional stability

Longitudinal

0.5 1.0 15 2.0
Strain (%)

Fig. 3 Water vapor sorption-desorption performance and dimensional stability. (A) Water sorption isotherms. (B) Water sorption hysteresis isotherms.
(C) Water sorption cyclic tests of MOF/wood composite. (D) The swelling of oven-dry native wood and MOF/wood composite after exposure to 95% R.H.
for 24 hours. (E) Images of MOF/wood samples after 100 wet/dry cycles. (F) Strain-stress diagrams from tensile tests.
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Humidity regulation performance

The enhanced water sorption performance and dimensional
stability indicate the composite’s potential for passive humidity
regulation. The humidity regulation performance was further
investigated with experiments and simulations. We constructed
a test chamber, equipped with four sample “windows”, humidity
sensors, and a data recording unit (Fig. 4A and Fig. S9, ESIt). The
humidity inside the test chamber was considered as ‘indoor
humidity’. The test chamber was positioned in a climate chamber
to ensure precise control of the external humidity or ambient
humidity. The experimental conditions simulated a humidity
change from a humid stage to a dry stage. The ambient tem-
perature was kept constant at 23 °C, and the ambient humidity
initially set at 70% R.H. for 8 hours to simulate a humid
environment. Subsequently, the humidity was changed to 25%
R.H. for another 16 hours to simulate a dry environment. The
testing conditions and time scale were selected to mimic realistic
conditions with longer daytime and short nighttime.

View Article Online
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By subjecting the test chamber to dynamic humidity
changes, one can test the capability of hygroscopic materials
to autonomously regulate humidity by reversible moisture
absorption/desorption. Humidity fluctuation is a necessity to
trigger the moisture exchange between the materials and
ambient. In this work, we studied the humidity regulation
performance of native wood and MOF/wood composite. The
effective humidity regulation relies in the capture/storage of
water vapor at relatively high R.H. level (water absorption stage)
and subsequently release of moisture at relatively low R.H. level
(water desorption stage). As discussed before, the S-shaped
sorption isotherms with adequate hysteresis loop indicate the
effective working range, capacity and efficiency. When the
ambient R.H. swung from 70% to 25%, the indoor humidity
with native wood windows fluctuated together with the ambient
humidity because the natural porosity of wood allows for the
moisture exchange. Due to the limited water sorption, native
wood is not capable of passively regulating indoor humidity by
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Fig. 4 Humidity regulation performance and long-term stability. (A) Setup for indoor humidity regulation measurement, including house model with
mounted samples, humidity sensors, data recording units. The testing chamber was put in a climate chamber to control ambient humidity and
temperature. (B) Indoor humidity curves resulting from dynamic climate condition changes (70% R.H., 8 hours; 25% R.H., 16 hours). (C) 100 cycles
(26 days) of the humidity regulation performance test using MOF/wood composite.
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water sorption/desorption effectively, leading to a large fluctua-
tion range of indoor R.H. Therefore, native wood showed
minimal humidity buffering capacity, which resulted in indoor
humidity falling outside the ideal humidity range (Fig. 4B).

In contrast, the MOF/wood composite windows were able to
store moisture to fully mitigate the humidity increase and
stabilized the humidity precisely in the range of 40-50% in
the 8 hours of increased humidity (e.g., at nighttime). When the
ambient humidity dropped to 25%, the MOF/wood composite
released moisture and maintained the indoor humidity in the
range of 40-50% (e.g. at daytime). The humidity regulation
performance of MOF/wood composite was able to counter-
balance the humidity fluctuation in the time range of 24 hours,
demonstrating great potential for buffering real-world humidity
fluctuations. Moreover, the indoor humidity range was precisely
regulated in the range of 40-50% (ideal humidity level for health).
Due the mild regeneration conditions of MIL-101(Cr), the humid-
ity balancing happened autonomously, without the need for
additional energy input during operation. The effectiveness of
humidity regulation is determined by the capability of the MOF/
wood composite to absorb/desorb moisture in an effective
humidity working range.
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The practical utilization for indoor humidity control
depends on the long-term stability of the MOF/wood compo-
site. Therefore, we further measured its stability of humidity
regulation performance by means of cyclic tests. The ambient
humidity changed from 70% to 25% in 100 cycles. The MOF/
wood composite were able to maintain the indoor R.H. between
40% and 50%, inhibiting high humidity fluctuations and
favoring living comfort (Fig. 4C). Humidity regulation perfor-
mance exhibited no decline over 100 cycles (26 days), high-
lighting the remarkable stability and durability of the MOF/
wood composite. This underscores its significant potential for
practical application in real world scenarios.

We further carried out numerical simulations to understand
the moisture transport through wood and its influence on
relative humidity regulation when the R.H. changes from 20%
to 70%. (Fig. 5). For these simulations, several assumptions
were made to simplify the model implementation (see Methods
for more details). Notably, simulations were not conducted at
the same scale or with the same geometry as the experiment.
Numerical simulations were performed at the microscopic
scale assuming all lasered holes are identical (Fig. S10, ESIt).
Although this microscopic level simulation domain cannot fully

Relative humidity
1s

R.H.
0.70

0.45

0.20

II[IIIIIIIIIII

x104m

10 x104m 10 x104m

Fig. 5 Simulation of moisture content (M.C.) distribution within native wood, lasered wood, and MOF/wood composite and its influence on R.H. (A, D, G)
Illustrations of simulation boundary and moisture transfer of native wood, lasered wood, and MOF/wood composite, respectively. (B, E, H) Simulated M.C.
distribution during moisture transport for native wood, lasered wood, and MOF/wood composite, respectively. Moisture transport through the thin wood
materials with an initial R.H. of 20% and an external R.H. of 70%. (C, F, I) Influence on R.H. evolution for native wood, lasered wood, and MOF/wood
composite, respectively.
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represent the experimental results at macroscopic scale, these
simulation results aim to illustrate their abilities on humidity
regulation.

Moisture transport through a wood sample is influenced by
water permeability, vapor diffusion coefficient, and moisture
retention capacity (Fig. S11, ESIT). Moisture diffusion through
solid wood is typically slow because of its dense cell wall
structure (Fig. 5A-C). However, the diffusion of moisture is
accelerated after laser drilling as this process opens up the cell
structure (Fig. 5D-F). The water vapor sorption isotherm
showed that the MOF/wood composite exhibited the highest
water sorption hysteresis at 40% R.H. This resulted in a
significant alteration in the moisture content of the composite
once the ambient humidity reached 40% R.H., leading to a
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substantial change in moisture content within this specific
R.H. range (Fig. 5G and H). The MOF/wood composites can
slow down the moisture diffusion through the material
by absorbing water (Fig. 5I). The simulation results clearly
demonstrate that the MOF/wood composite exhibits superior
humidity regulation capabilities compared to both native and
lasered wood.

Application scenarios

Global humidity distribution reveals the great range of humid-
ity levels in different geological regions (Fig. 6A). The diurnal
humidity fluctuations add to the complexity of the problem
(Fig. 6B). Despite differences in building characteristics and
climate control, outdoor weather conditions have an influence
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I >80-100 30 0 E
20 20
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Fig. 6 Application scenarios of MOF/wood composite. (A) Global average annual humidity map showing that humidity levels in most land areas fall
outside of the ideal humidity range. (B) Representative diurnal humidity and temperature fluctuations. Data source: weather station Canberra (airport),
Australia during the period of March 24th to April 1st, 2024. (C)—(E) Humidity regulation performance of MOF/wood composite under various climate
types. (C) Condition 1: Ads. 10 °C, 75%R.H., Des. 20 °C, 25%R.H. (D) Condition 2: Ads. 15 °C, 75%R.H., Des. 30 °C, 25%R.H. (E) Condition 3: Ads. 15 °C,
95%R.H., Des. 30 °C, 35%R.H. (F) Radar plots showing the performance of native wood, pure MOF and MOF/wood composite. (G) Scheme showing the
application scenario of MOF/wood composite in passive humidity regulation. (H) Mechanism of the proposed passive humidity regulation strategy that
generated by the water exchange between MOF/wood composite and surrounding air.
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on the indoor climate, meaning outdoor and indoor humidities
are closely correlated.**”~*° Since people spend nearly 80-90%
of their time indoors nowadays, indoor climate needs to be
actively controlled to be in a narrower range compared to
outdoors. Consistent and adjusted indoor humidity benefits
living comfort and health conditions.*

Instead of working against these natural diurnal humidity
fluctuations with energy input, these humidity fluctuations can
be utilized in the autonomous regulation approach. Autono-
mous humidity regulation requires dynamic humidity levels as
triggers to the exchange of moisture between hygroscopic
materials and ambient, resulting in the buffering effect of
fluctuations. To study the humidity regulation potential with
MOF/wood composite under various climate types, we con-
ducted tests under three distinct conditions characterized by
high variability of R.H. and temperature: (i) adsorption (Ads.) at
10 °C, 75%R.H., and desorption (Des.) at 20 °C, 25%R.H.
(Fig. 6C); (ii) Ads. at 15 °C, 75%R.H., and Des. at 30 °C,
25%R.H (Fig. 6D); (iii) Ads. at 15 °C, 95%R.H., and Des. at
30 °C, 35%R.H. (Fig. 6E). Results showed that our MOF/wood
composites effectively reduce the indoor humidity fluctuation
and exhibit a strong humidity buffering effect even under
various extreme conditions. These findings have great practical
relevance in terms of the composites’ universal compatibility
with various climate types.

The well-balanced performance of MOF/wood composites in
terms of humidity regulation potential and materials integrity,
makes them suitable to be embedded into buildings for auto-
nomous humidity regulation (Fig. 6F). We envisage that MOF/
wood composites have the capability to decrease indoor humid-
ity through water adsorption during humid nighttime, while
increasing moisture in the indoor air through water desorption
during dry daytimes (Fig. 6G and H). Instead of consuming
energy and requiring complicated facilities to work against the
diurnal humidity fluctuations, the proposed passive regulation
strategy works together with these dynamic conditions with the
inherent properties of the MOF/wood composite. This buffering
effect could reduce the amplitude of diurnal humidity fluctua-
tions and thus lead to indirect energy savings for maintaining
indoor humidity and improve living comfort. This is especially
important to rural areas and climate harsh regions where
buildings are poorly climate insulated and lacks energy and
resources for active humidity control facilities. It is noteworthy
that the passive regulation approach may be less effective for
climate types where the relative humidity is constantly low
or high.

Conclusions

In summary, this study examined an autonomous humidity
regulation MOF/wood composite. The composite was created
using a universal fabrication strategy that overcomes the in-
sufficient diffusion of the MOF nanoparticles into the inner
regions of wood panels. This strategy ensures a high MOF
loading of 17% and a high surface area of 316 m* g~ *, which
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was 920 times higher than that of native wood, surpassing
previously reported MOF/wood composites. The water adsorp-
tion and desorption abilities, the 3D moisture transport process
and the indoor humidity regulation performance of the MOF/
wood composites were systematically investigated. It was found
that the obtained MOF/wood composite showed excellent water
sorption capacity, an ideal working humidity range of 40-60%
R.H., and long-term stability and cycling performance. More-
over, the MOF/wood composite exhibited sufficient mechanical
strength and improved dimensional stability. It demonstrated
the ability to regulate indoor humidity autonomously within
the range recommended by ASHRAE, which is highly advanta-
geous for indirect energy saving and maintaining a health-
friendly indoor climate. These characteristics make it highly
suitable for use in building scenarios and open the venues for
the development of a new generation ventilation systems.

Experimental
Synthesis of MIL-101(Cr)

For a typical synthesis process, 150 mL sodium acetate
(C,H3NaO,, >99.0% purity) aqueous solution was prepared
with a concentration of 0.05 mol L™ ", Then 4.95 g (0.03 mol)
terephthalic acid (CeH4(CO,H),) and 12 g chromium nitrate
(Cr(NOs);) was added in the last solution in turn. The mixed
solution was transferred to an autoclave and then placed in an
oven with 200 °C for a reaction period of 20 h. After slowly
cooling to ambient temperature, the synthesized MIL-101(Cr)
was collected through repeated centrifugation and thoroughly
washed twice with dimethylformamide (DMF), twice with etha-
nal, and twice with water. The obtained products were then
dried at 120 °C in vacuum oven.”®”!

Laser drilling processing of wood

Poplar wood (Populus tremula) tangential sections with the
dimension of 50 mm x 50 mm X 1.5 mm (L x T x R) were
cut. T x L x R represents tangential x longitudinal x radial
directions were cut with a circular saw. A commercial 10.6 um
CO, laser engraver (Speedy 300, Trotec) was used to produce the
lasered wood with the desired pattern. The power of the laser
beam is 20 W, the scan rate is 2.5 mm s ', and the image
density is 1000 pulses per inch. The defocus distance is zero.”®

Fabrication of MOF/wood composite

MIL-101(Cr) powder was dispersed in ethanol solution to obtain a
MOF solution with a concentration of 10 g L™". In a subsequent
step, the lasered wood samples were impregnated in the MOF
solution for 12 h at room temperature under gentle stirring. The
composite was then dried at 103 °C for 12 h. This is a typical
procedure of one impregnation cycle. This impregnation process
was repeated in cycles, namely multi-times impregnation.

Material characterization

X-ray powder diffraction (Panalytical X’Pert PRO MPD) was per-
formed using Cu Ko radiation (1 = 1.5406 A). The diffractometer
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was operating at 40 kV and 45 mA with an angular step size of
0.03° and a counting time of 1 s per step. XPS was performed
using a Physical Electronics Quantera SXM spectrometer using
monochromatic Al Ko radiation generated from an electron
beam operated at 15 kV and 49.3 W. The spectra were collected
under ultrahigh vacuum conditions (residual pressure =
1 x 107° Pa) at a pass energy of 55.0 eV. The morphology and
element composition of the samples were characterized using a
SEM (FEI Quanta 200F, Hillsboro, OR, USA) equipped with
EDXS (Ametek-EDAX). A Pt-Pd (80/20) coating of ~10 nm
thickness was applied to the samples with a sputter coater
(CCU-010, Safematic, Switzerland). X-ray microtomography
was performed with an EasyTom XL Ultra 230-160 device (RX
Solutions, France) at an acceleration voltage of 95 kV. Images
were collected with a flat panel detector. Nitrogen adsorption
was conducted using an ASAP 2010 apparatus from Micro-
meritics. About 0.5 g samples were degassed with the pressure
level at 5 um Hg and temperature at 60 °C. Tensile tests were
performed using a universal testing machine (Zwick Roell)
equipped with a 10 kN load cell. Ten specimens of each sample
stored at 20 °C and 65% relative humidity with the dimensions
5 x 50 x 1.5 mm’ (tangential x longitudinal x radial) were
tested in longitudinal direction with a span length of 25 mm.

The testing speed was 0.5 mm min ™.

Water vapor sorption isotherms

Dynamic water vapor adsorption and desorption was measured
by an automated sorption balance device (DVS Advantage ETS85,
Surface Measurement Systems Ltd). Ten milligrams of each
sample were first dried for 10 h at 60 °C and at a partial water
vapor pressure of p/po = 0. The measurement was carried out
with ascending p/p, steps of 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30,
0.40, 0.60, 0.80, 0.85, 0.90, 0.95, and 0.98 for adsorption and
then with descending steps in the same manner for desorption
at 25 °C. Equilibrium in each step was defined to be reached at
a mass change per time (dm/d¢) of less than 0.0005%/min over a
10 min window or a maximal time of 1000 min per step. The
samples were exposed to a flow rate of 200 sccm, and the carrier
gas used was N,.

Water vapor sorption cyclic test

To measure the water vapor sorption performance of transpiring
wood in a time-wise manner, we carried out 10 cycles of measure-
ments. One transpiring wood sample about ten milligrams was
first dried for 10 h at 60 °C. Two treatment steps were then
performed: p/p, 0.98 at 20 °C, p/po = 0 at 40 °C. Equilibrium in
each step was defined to be reached at a mass changer per time
(dmy/dt) of less than 0.001% over a 10 min window or a maximum
time of 720 min per step.

Dimensional stability

For assessing the dimensional stability, native wood, laser
drilled wood, and MOF/wood composites were oven-dried at
103 °C for 24 hours. Ten specimens of each sample were
measured. The specimen size on tangential, radial, and long-
itudinal direction were recorded as O ary, %rdry, %idrys
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respectively. The specimens were then conditioned at 23 °C at
a R.H. of 95% for 24 hours. The specimen size on tangential,
radial, and longitudinal direction were recorded as o yet, % wets
O7wet, T€spectively. The swelling was calculated with eqn (1)-(3):

Swellingtangential direction — (at,wet - “t,dry)/“t,dry [0/0] (1)
Sweuingradial direction — ((xr,wet - “r,dry)/fxr,dry [%] (2)

%,dry)/%,ary (%] (3)

Swelhnglongitudinal direction — (al,wet -

Humidity regulation test

The humidity regulation testing chamber is showed in Fig. S8
(ESIt). The testing chamber framework is made of plastic board
with four openings, or “windows”, to mount the samples. The
size of the testing chamber was 7 cm x 7 cm X 5 cm (widthx
depth x height). The tested sample had a dimension of 5 cm X
5cm x 0.15cm (L x T x R). The test chamber was designed at a
scale of 1:50 to a residual living room with a dimension of
3.5m x 3.5 m x 2.5 m (widthx depth x height). The volume
ratio of sample/space was 0.061. Native wood and MOF/wood
composites were mounted in the windows. The testing cham-
ber was placed in a climate chamber, in which ambient
temperature and humidity can be well-controlled (Fig. 4A).
Humidity sensors were installed inside the testing chamber
and climate chamber. When subjecting to different ambient
humidity levels, the changes in indoor climate and sample
surface temperature were recorded. Test conditions: Dynamic
humidity condition was set to simulate the diurnal humidity
change, that is humid nighttime and dry daytime. The ambient
climate was controlled as: nighttime: 23 °C, 70% R.H., 8 hours;
daytime: 23 °C, 25% R.H., 16 hours.

Moisture transport simulations

For numerical simulations, the thickness of the wood samples
was set as 1.5 mm. Native wood was set as an anisotropic
homogenous porous material. We consider laser-drilled wood
and MOF/wood composite to consist of two parts, wood phase
and lasered holes. A continuum two-phase moisture transport
model was employed to consider both liquid advection and
vapor diffusion.”” The size of the lasered holes and the ratio of
the wood phase to the lasered hole phase were estimated from
the SEM images in Fig. 1. Different moisture transport models
were used for moisture transport in the wood phase and the
lasered holes. The moisture transport coefficient of the wood
phase was set to be 50 times higher for the longitudinal
transport than the radial and tangential transport.”® In lasered
holes, only vapor diffusion driven by the gradient of R.H. was
simulated.”* Numerical simulations were performed on one
lasered hole and its corresponding volume of wood as illu-
strated in Fig. S10 (ESIT). The initial R.H. of simulation domain
(wood phase and lasered holes) and boundary condition (sur-
roundings) was set at 20%. Then the boundary condition was
changed to 70% R.H. to simulate the water adsorption process
of samples and its influence on R.H. and moisture content in
the simulation domain (see ESIT for more details).
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