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MATERIALS SCIENCE

Designing hierarchical nanoporous membranes
for highly efficient gas adsorption and storage

Haiyan Mao*, Jing Tang®3*, Jun Chen?, Jiayu Wan?, Kaipeng Hou',
Yucan Peng?, David M. Halat'*, Liangang Xiao*, Rufan Zhang?,

Xudong Lv', Ankun Yang?, Yi Cui*?%, Jeffrey A. Reimer'**

Nanoporous membranes with two-dimensional materials such as graphene oxide have attracted attention in vol-
atile organic compounds (VOCs) and H; adsorption because of their unique molecular sieving properties and
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operational simplicity. However, agglomeration of graphene sheets and low efficiency remain challenging.
Therefore, we designed hierarchical nanoporous membranes (HNMs), a class of nanocomposites combined with
a carbon sphere and graphene oxide. Hierarchical carbon spheres, prepared following Murray’s law using chem-
ical activation incorporating microwave heating, act as spacers and adsorbents. Hierarchical carbon spheres
preclude the agglomeration of graphene oxide, while graphene oxide sheets physically disperse, ensuring struc-
tural stability. The obtained HNMs contain micropores that are dominated by a combination of ultramicropo-
res and mesopores, resulting in high VOCs/H, adsorption capacity, up to 235 and 352 mg/g at 200 ppmv and
3.3 weight % (77 K and 1.2 bar), respectively. Our work substantially expands the potential for HNMs applications

in the environmental and energy fields.

INTRODUCTION

The design of materials for gas separation and storage is challenging
due to a number of ostensibly conflicting goals (1). Pores on the order
of molecular dimensions are deemed necessary for discrimination
of various gases on the basis of size, yet they must be chemically
functionalized to afford chemical selectivity in the adsorption pro-
cess (2). Narrow pores limit the transport of gases required for
large-scale processing of gases and molecular-sized pores. Moreover,
owing to capillary effects, narrow pores are prone to clogging with
impurities or condensation of gases (3). Polymer membranes, so
profoundly effective in large-scale separations, are limited by the
Robeson criteria, where the solubility-diffusion protocol relies
on crafted polymer-free volume (4). These challenges motivate
the design of hierarchically structured membrane materials, that
ameliorate these challenges. In the present work, we create these
hierarchical materials by combining elegant two-dimensional (2D)
nanosheets with sustainably synthesized carbon spheres so as to pro-
duce a “meatball sandwich” via an easily scaled production process.
We demonstrate these hierarchically structured materials can undergo
volatile organic adsorption and hydrogen gas storage.

Industrial gas separations and storage have a long history, where
porous materials, such as activated carbons, zeolites, and metal-
organic frameworks (MOFs), have been used for the removal of vola-
tile organic compounds (VOCs) and the storage of H, (5, 6). Partly
owing to their expense of production, activated carbon and zeolite
membranes promise capacities of 3.0 to 5.5 weight % (wt %) at 79 atm
and 298 K for H, and 300 to 650 mg/g at 1 atm and 298 K for the
prototypical VOC toluene (7). Limited mechanical stability, however,
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restricts their applications: activated carbon membranes are very
brittle and fragile. Compared with other conventional adsorbents,
the merits of MOF membranes are their large surface areas, rich func-
tionalities, and targeted synthesis, resulting in capacities of 1.1 wt %
for H, and 276 mg/g for toluene at 1 atm and 298 K (5, 6). Some
MOF membranes exhibit high gas adsorption performance; however,
their large-area production is associated with increased fragility and
cracks (5).

Recently, nanoporous inorganic membranes with 2D materials
[e.g., graphene oxide (GO)] have been shown to exhibit high surface
areas, ultralight weights, and high adsorption capacities, thereby at-
tracting immense interest in electrochemical energy storage and
water purification (7-9). Nevertheless, GO membranes are very dif-
ficult to handle and are expensive to process into membrane config-
urations (e.g., multilayered stacks and mixed-matrix membranes)
(10, 11). In particular, the facile aggregation (Fig. 1A) of graphene
sheets leads to a distinct decrease in accessible surface area for gases
(e.g., VOC and H,) and a notable increase in molecular diffusion
resistance that deleteriously affects adsorption performance (12).

Carbon spheres with hierarchical micro- and mesopores have
drawn considerable attention in applications for VOC and H; adsorp-
tion due to their high sphericity, high selectivity, and high porosity.
These spheres may be constructed into membranes (Fig. 1B) via the
use of binders, yet these membranes are susceptible to mechanical
instability, high manufacturing cost, and the clogging of the binders
added to form the membranes (2). We surmised that hierarchical
nanoporous membranes (HNMs) structures (Fig. 1C) could be
assembled wherein carbon spheres serve as effective “nanoporous
spacers” and substantially improve cross-plane mass transfer via
expanded interlayer spacing, while the agglomeration and stacking
of spheres are alleviated via the use of pure GO membranes (13)
that bind strongly to the spheres. In imagining this construct, we were
mindful that these carbon spheres must present an array of pore sizes,
such as the “Murray’s law” (14) hierarchy, and could be derived and
processed sustainably. We chose to use a crafted hydrothermal car-
bonization of pinewood-based cellulose and chemical activation
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Fig. 1. Comparison of a schematic illustration of GO membranes, carbon sphere membranes, and HNMs. (A) Designed structural model of stacked graphene mem-
branes. (B) Model of mechanically weak layers of carbon sphere membranes by binders. (C) Model of the mechanical strength and high adsorption capacity of HNMs. As
a comparison of GO membranes and carbon sphere membranes, our HNMs combined the merits of both GO and carbon sphere membranes: In this meatball sandwich
structure, carbon spheres act as spacers and adsorbents, precluding the agglomeration of GO. GO sheets physically disperse carbon spheres, ensuring mechanical stability.

to produce Murray’s law spheres that, when mixed with GO, could
be fashioned into membranes using an extremely simple “doctor-
blade” method. The obtained porous HNMs are dominated by a com-
bination of micropores and mesopores, resulting in high toluene/H,
adsorption capacity up to 235 and 352 mg/g at 200 parts per million
by volume (ppmv) and 3.3 wt % (77 K and 1.2 bar), respectively.

RESULTS AND DISCUSSION

Fabrication and structural characterization of

carbon spheres

Fabricating the hierarchical carbon spheres (HCSs) with high sur-
face area, high sphericity, and monodispersibility requires several
key steps, including hydrothermal carbonization synthesis (Fig. 2A)
and chemical-microwave activation procedures (Fig. 2B) to be dis-
cussed later. The effects of the reaction temperature, reaction time,
and cellulose concentration on the morphology by scanning electron
microscopy (SEM) of the HCSs via hydrothermal carbonization syn-
thesis were investigated and are discussed in the Supplementary
Materials (figs. S1 to S3). We find that when the hydrothermal tem-
perature increases from 200° to 240°C, cellulose decomposes rapid-
ly, and hydrothermal carbons with a higher degree of aromatization
are generated (15). The resulting particles also exhibit a more uni-
form size. Accordingly, we surmise that the aromatization reaction
occurred with dehydrogenation of cellulose at 240°C, and the result-
ing hydrothermal products had a high degree of sphericity, narrow
distribution of particle size, and an average diameter of approxi-
mately 3 pm. However, aggregation emerges among carbon spheres
when the temperature rises to 260°C (fig. S1C). The longer reaction
time yields larger particle size and gives rise to particles with irregular
shapes. When the reaction time increases from 5 to 7 hours, wood
cellulose is deposited at the bottom of the reaction vessel, resulting
in a relatively large concentration of carbon spheres at the bottom
(fig. S2B). When the concentration of cellulose is increased from
0.02 (fig. S3A) t0 0.04 g ml™! (Fig. 2E), the diameter of the HCS in-
creases. However, when the concentration of cellulose reaches a
certain threshold, the size becomes constant (16). We further find
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Fig. 2. Wood-derived HCS. (A) Schematic diagram of the fabrication process of
the carbon sphere. (B) Schematic diagram of the fabrication process of the HCS.
(C to E) SEM images of cellulose and the carbon spheres.

that the diameter of a few individual carbon spheres tends to de-
crease when the concentration reaches 0.05 g ml™* (fig. S3C). We
conclude that the optimized hydrothermal products result from
conditions of 240°C for 5 hours with a reaction concentration of
0.04 g ml™". Figure 2C shows SEM images of the original cellulose.
After our optimal treatment, Fig. 2 (D and E) shows the SEM images
of the optimal carbon spheres, demonstrating spherical morphology,
with an average diameter of 2 to 3 um. It was also confirmed that the
carbon spheres have a smooth surface without a hollow interior.
Figure 3A shows the infrared (IR) spectra of cellulose and car-
bon spheres prepared from cellulose at 240°C by hydrothermal
carbonization for 5 hours with a concentration of 0.04 g ml™".
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For the IR spectrum of the carbon spheres, the peak at 1702 cm™

corresponds to the stretching vibration of the C=0 of carbonyl,
quinone, ester, or carboxyl (17). The peak at 1024 cm™" is due to the
O—H bending vibration. These results indicate that a large number
of oxygen functional groups (C=0 and OH) are present on the sur-
face of the HCS. The vibration of carbon-carbon double bonds pro-
duces a vibrational band at 1612 cm™". The out-of-plane bending
vibrations of C—H bonds of aromatic rings lead to a vibrational
band at 875 to 750 cm™', demonstrating the presence of aromatic
rings in the product (18). In addition, the peak at 2925 cm™ corre-
sponds to the stretching vibration of C—H, demonstrating the pres-
ence of aliphatic structures and aromatization during the reaction.
A comparison of the changes in the cellulose and carbon sphere
spectra suggests that cellulose undergoes dehydration and aroma-
tization reactions in the process of hydrothermal carbonization.

A

Cellulose

2925

Intensity (a.u.)

3407
Carbon spheres

1702
~ 1297
1612

4000 3500 3000 2500 2000 1500 1000 500

C Wave number (cm-")

8

Hierarchical carbon spheres
(after activation)

900 -

700 1

500 -

Adsorption volume (cm3/g)
W
o
o

100 1

02 04 06 08 1.0

Relative pressure (PIP,)

0.0

. Smooth yf%c\e"-"of';arbon spheres

- 's \ N

ﬂ.

In addition, the surfaces of the carbon spheres contain large
amounts of oxygen functional groups, including C=0 and OH.
The crystalline or amorphous structure of the cellulose and carbon
spheres was investigated by x-ray diffraction (XRD) analysis (18, 19).
Figure 3B shows the XRD patterns of cellulose and carbon spheres
obtained from optimal conditions. Distinct diffraction peaks for
cellulose appear at 20 = 16°, 23°, and 34°, corresponding to the (101),
(002), and (040) crystal planes, respectively (Fig. 3B). To some extent,
these features indicate that the cellulose exhibits crystallinity to some
extent (19). Figure 3B reveals that at 240°C, the cellulose-based prod-
ucts undergo a hydrothermal reaction. As a result, the diffraction peaks
for the (101) and (040) planes disappear, and the (002) peak at 26 = 23°
becomes flat, indicating that the hydrothermal reaction at 240°C
destroys the internal structure of the cellulose during carbonization.
Thus, the resulting carbon materials exist in an amorphous state.
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Fig. 3. Characterization of carbon spheres and HCSs. (A) FTIR spectra of the original cellulose and HCSs after hydrothermal treatment of 0.04 g mI™" at 240°C for 5 hours.
(B) XRD patterns of the original cellulose and carbon spheres after the same hydrothermal treatment. (C and D) N, adsorption isotherms at 77 K and pore size distribution.
(E and F) SEM images of carbon spheres and HCSs. After activation by KOH and microwave heating, HCSs exhibit a majority of micropores and a small number of
meso-macropores (C and F), which are beneficial for VOC adsorption and diffusion within HCSs. a.u., arbitrary units.
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Tunable porous structure of HCSs

With natural cellulose derived from woodchips as the starting material,
we deployed a facile approach of hydrothermal carbonization by in-
corporating KOH and microwave heating activation, as described
previously (Fig. 2B). Figure 3C shows the low-temperature nitrogen
adsorption isotherms of carbon spheres and HCSs samples pro-
duced by a combination of KOH and microwave heating. Accord-
ing to the Brunauer-Deming-Deming-Teller (BDDT) classification
(20), the carbon sphere isotherm can be assigned to hybrid types
Ito IV, in which increased relative pressure (P/P,) leads to a small
increase in adsorption. A hysteresis loop is formed and associated
with capillary condensation taking place in the mesopores and limits
uptake of gas over a range of high P/P,. After activation, the adsorp-
tion isotherms of the HCS are still hybrid types I to IV. The initial
adsorption and flatter plateau regions at higher relative pressures
imply that micropores dominate in HCS. However, the adsorption
curve is not horizontal, but sloped. The desorption curve shows
hysteresis when the relative pressure is greater than 0.2, indicating
that the HCSs have a wide pore size distribution because the sam-
ples contain a small number of mesopores and macropores. Micro-
pore filling mainly occurs at the beginning of the isotherm. When the
relative pressure increases, multilayer adsorption occurs, followed by
capillary condensation at higher partial pressures (21). Therefore,
the adsorption capacity increases with relative pressure.

The pore size distribution of the carbon spheres suggests a
mesoporous structure before activation, as shown in Fig. 3D. After
activation, the distribution peaks of the curves of the HCSs are distinctly
visible between 0.5 and 1 nm on the abscissa. Most of the pores in
the HCSs are less than 2 nm, but a small portion of the HCS have a
pore size less than 0.7 nm, indicating that the HCSs formed via KOH
and microwave activation are mainly characterized by micropores
but contain a considerable number of ultramicropores, super-
micropores and a small number of mesopores. The magnified inset
in Fig. 3D shows that the number of ultramicropores in the sample
of HCS increases slightly after KOH activation. Therefore, activated
HCSs are suitable for gas adsorption, such as the adsorption of
VOCs or H,.

On the basis of the adsorption isotherms, table S1 lists the struc-
tural parameters of the HCS before and after activation, including
the Brunauer-Emmett-Teller (BET) (22) surface area (S,), micropore
area (Smicro), total pore volume (Vpore), and micropore volume (Vipicro)-
The surface area of the HCS increases from 528 to 2551 m?/g after
KOH and microwave heating. Viicro and Vpore also show the same trend,
increasing from 0.016 and 0.120 cm/g to 0.796 and 0.916 cm’/g,
respectively. This trend is mainly due to the impregnation of the
material with KOH; the KOH molecules continuously permeate from
the exterior of the carbon spheres into the interior via microwave
heating, and as the reaction between KOH and C increases, a great-
er number of micropores is formed. In addition, the pore structure
of the carbon spheres facilitates the penetration of KOH molecules,
and more micropores are developed rapidly.

The SEM images of KOH and microwave-treated HCSs (Fig. 3,
E and F) further confirm the effects of these methods on carbon
spheres. Compared with carbon spheres (Fig. 3E), the surface of HCS
shows obvious roughening, which indicates that the etching of micro-
pores can be achieved within a short microwave irradiation period.
Therefore, HCSs display combined micro-mesoporous struc-
tures expected to enhance the VOC adsorption performance. In
addition, abundant mesopores and small micropores in the original

Mao et al., Sci. Adv. 2020; 6 : eabb0694 7 October 2020

carbon sphere walls generated by the activation treatment are con-
sistent with a large microporous surface area; moreover, small mes-
opores also provide pathways for VOCs/H, through the porous
particles. The combined meso-micropore hierarchical structure of
the carbon spheres can substantially contribute to the high VOC/
H, adsorption capacity.

Fabrication and characterization of GO/HCS composites

The GO/HCS composites were synthesized using the method shown
in Fig. 4A and were investigated by SEM, with the images shown in
Fig. 4 (B and C). It is apparent that the GO/HCS composite is com-
posed of two components, carbon spheres and GO (Fig. 4B). Carbon
spheres were well distributed as barriers to separate the graphene
nanosheets, as seen from the SEM pictures (Fig. 4, B and C), and this
result is in good agreement with previous work (23). Moreover, the
HCSs retain a spherical morphology without obvious damage or
wrinkled textures following GO coating on the surface of the HCS.
The present GO/HCS composites are preferable to the previously re-
ported polydopamine sphere/GO composites, which showed wrinkled
carbon spheres after GO coating (13). The current results reveal that
KOH-activated cellulose-based carbon spheres can effectively prevent
graphene aggregation and lead to the successful fabrication of novel
GO/HCS composites.

Fabrication and structural characterization of HNM

We deploy a scalable approach to fabricate HNM using a doctor-
blade deposition technique, as shown in Fig. 5A. Our designed doctor-
blade method shows the advantages of highly versatile, uniform, and
freestanding membranes with a precisely controlled thickness (24).
Figure 5B shows freestanding and flexible HNM. HNMs show a
greater degree of corrugation compared to pure GOs due either to
the development of hierarchical pores or to defects on the sheets,
which is assumed to be beneficial for VOC diffusion and adsorp-
tion. Figure 5 (C to F) provides images of the top view of the surface
of the membranes, revealing that the HCSs are wrapped with GO and
retain a spherical morphology. Cross-sectional high-resolution SEM
images of the edge of the GO/HCS membranes show that the HCSs
act as spacers preventing the restacking of the sheets (Fig. 5,
G and H), with a membrane thickness of 20 pm. Meanwhile, GO
appears to induce the separation of the HCS and prevents the aggre-
gation of carbon spheres.

Raman spectra of the HNM, as well as the GO and the HCS, are
shown in Fig. 5I. As expected, two peaks are detected at 1328 cm ™"
(D band) and 1589 cm ™" (G band), confirming the successful load-
ing of the GO. Similar peaks, which were found for the GO and
carbon sphere composite, were attributed to an increase in the sp*
carbon network (23). As is well known, defects and disorder with-
in wood-derived carbon materials lead to an increase in the intensi-
ty of the D band, while the in-plane stretching of sp>~-bonded carbon
(i.e., nondefective sites) corresponds to the G band (18). The extent
of structural defects in the samples is shown by the value of the in-
tensity of the [D] (Ip) band relative to that of the [G] (Ig) band. The
ratios of Ip and Ig values (Ip/Ig) for the HNM, GO, and HCS are
1.21, 0.89, and 0.32, respectively. The Ip/Ig value for the GO/HCS
has slightly increased compared with the GO, implying that GO be-
comes disordered after the HCS undergoes insertion into the inter-
layers of GO. The introduction of more sp® defects in HNM resulted
in a larger surface area, which favors gas adsorption and transporta-
tion. It is important to note that our HNMs have great potential to
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Fig. 4. Schematic diagram and SEM images of GO/HCS nanocomposite. (A) Schematic diagram of GO/HCS nanocomposite preparation. (B and C) SEM images of

GO/HCS nanocomposite.

be easily scaled up (Fig. 5B and fig. S4A), as the doctor-blade coat-
ing method has no fundamental limitation to prepare meter-scale
HCSs and GO membranes. Figure S4B shows the excellent flexibility
and mechanical strength in HNM due to the flexible and freestand-
ing GO, allowing them to endure deformations without affecting
their structural integrity. All of the present evidence confirms the
facile fabrication procedure, large surface area, low cost of the
starting materials, and easy up-scaling making HNM the most
promising candidate for VOC adsorption and H, storage.

VOC adsorption performance of HNM

Adsorption performance of VOCs can elucidate the contribution of
the hierarchical structure and mechanical stability of HNM. A sorp-
tion analyzer was used to measure the adsorption isotherms of tol-
uene and acetone at 25°C, as shown in Fig. 6 (C and D). The HNMs
obtained in this study show high adsorption performance for tolu-
ene and acetone, with adsorption capacities as high as 760 and
552 mg/g, respectively. The adsorption capacities are comparable to
other porous materials (25-28). The adsorption isotherms show be-

Mao et al., Sci. Adv. 2020; 6 : eabb0694 7 October 2020

havior corresponding to type I adsorbents. All adsorption isotherms
exhibit the same trend, with the curves increasing at a relative pres-
sure of 0 to 0.1. With the increase in relative pressure, the adsorp-
tion isotherm approaches or approximates a horizontal asymptote,
suggesting that the pore structure is mainly composed of microp-
ores (28). That is, the adsorption capacity slowly increases at high
concentrations, and the slope of the adsorption isotherm gradually
decreases and then becomes flat. Although, at low concentrations,
there is only a small difference in concentration between the interior
and exterior of the micropores in the HNM, the micropores are
extremely well developed and can efficiently adsorb toluene/acetone
molecules, resulting in a rapid increase in the adsorption capacity
(29). Furthermore although the difference in the adsorbent concen-
tration between the interior and exterior of the micropores is
small at the concentrations, the micropores gradually become satu-
rated because of limitations in the adsorption capacity of the HNM.
Therefore, the adsorption of VOCs slowly increases and tends to
become constant. The Dubinin-Radushkevich (D-R) equation (30)
was adopted to fit the corresponding isotherms; as shown, the
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Fig. 5. Doctor-blade coating technique to fabricate HNM. (A) Schematic illustration of the blade-coating method for forming HNM. (B) Photographs of a large-area
HNM (10 cm by 10 cm) fabricated by the doctor-blade method. (C to F) SEM images of HNM. (G and H) SEM images of cross-sectional edge of HNM. (I) Raman spectra of
HCS, GO, and HNM. The D band corresponds to the defects and disorder within the wood-derived carbon, while the G band is due to the in-plane stretching of sp*>-bond-

ed carbon. Photo credit: J.T., Stanford University. Permission granted.

two isotherms fit the D-R equation well (fit parameters are given in
table S2).

We measured t dynamic adsorption breakthrough curves of the
HNM loaded with toluene and acetone at 200 ppmv, using the ex-
perimental apparatus shown in Fig. 6A. A structural model of the
proposed toluene and acetone adsorption mechanism in the HNM
is also depicted (Fig. 6B). The adsorption penetration results are
shown in Fig. 6E; the adsorption breakthrough times of the HNM
were approximately 4.5 and 6 hours for acetone and toluene, re-
spectively. All the adsorption breakthrough curves require a long time
to saturate, illustrating a large mass transfer resistance likely due to
the narrow micropore entrance within the microporous-dominated
membranes yielding a low diffusion rate (31). A longer breakthrough
time indicates a better adsorption capacity for a constant concentra-
tion. The saturated acetone and toluene adsorption capacity reached
235 and 352 mg/g, respectively, which are both higher than those of
commercial activated carbons (121 and 188 mg/g for acetone and

Mao et al., Sci. Adv. 2020; 6 : eabb0694 7 October 2020

toluene, respectively) (Fig. 6F). This result suggests that our HNMs
show promising adsorption performance in low-concentration VOC
environments.

HNM for H; storage

The exceptionally high surface areas, along with the hierarchical
micropore-dominated structures, make HNM very attractive can-
didates for hydrogen storage. As indicated in Fig. 6 (G and H), the
highest adsorption amount of H, at 77 K and 1.2 bar for HNM is up
to 3.3 wt %. These H; adsorption uptakes are competitive with those
of other porous materials, such as activated carbons (1.4 to 1.6 wt %
at 77 Kand 1 bar; 6.6 wt % at 77 K and 4 MPa) (32) and MOFs (0.7 to
2.5wt % at 77 K and 1 bar) (33). Thus, HNMs present advantages
for hydrogen adsorption such as low cost, good reversibility, and
safety. The cost-effectiveness and durability of HNM were demon-
strated by the reusability over multiple adsorption-desorption cycles
in fig. S5 and table S3, which show the VOC adsorption capacities
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Fig. 6. VOC and H, adsorption performance of HNM. (A) Schematic diagram of
experimental setup for measuring VOC adsorption. (B) Structural model for toluene
and acetone adsorption. (C and D) Acetone and toluene adsorption isotherms and
D-R fitting. (E) Breakthrough curves for acetone and toluene at 200 ppmv. (F) Adsorp-
tion capacities of HNM and activated carbons at the outlet concentration of 200 ppmv.
(G) Schematic diagram of H, adsorption. (H) Equilibrium H, adsorption isotherms
at 77 kK.

and yields of HNM over five cycles by repetitive thermal heating.
The efficiency could be sustained up to 98.5% over five cycles, demon-
strating that our HNMs have effective desorption after thermal
heating with repeated cycling. This cyclability and high adsorption
performance, combined with the economics, durability, and ease of
scaling, confirm the cost-effective utilization of the membranes.

MATERIALS AND METHODS

Materials and chemicals

Wood cellulose was extracted from pinewood using an alkaline
aqueous solution (KOH). A 3% potassium hydroxide solution was
obtained by mixing potassium hydroxide powder (Sigma-Aldrich)
and deionized (DI) water at the appropriate mass ratio. A 2% dilute
sulfuric acid solution was obtained by adding 98% sulfuric acid (Sigma-
Aldrich) to DI water at the appropriate volumetric ratio. Commercial
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activated carbon derived from biomass was used in the study as a
comparison at 200 ppmv of acetone and toluene (Sigma-Aldrich).
The initial mixing was conducted at room temperature. Afterward,
the mixture was placed on a hot plate stirrer and held at approxi-
mately 80°C and then transferred to a constant-temperature drying
oven (held at 60°C) to prevent the formation of mildew caused by
the water content in the purified microcrystalline cellulose, before
the hydrothermal carbonization step.

Synthesis of wood cellulose-based carbon spheres

To prepare carbon spheres, 0.3, 0.4, 0.5, 0.6, and 0.8 g of wood cel-
lulose were weighed and placed into sample bottles, and 15 ml of DI
water was added; the mixture was stirred for 30 min at 30 rpm to
disperse the cellulose uniformly. Then, the solution was placed into
a hydrothermal reaction vessel, sealed, placed in a muffle furnace,
and held for 3, 5, or 7 hours at a constant temperature of 200°, 220°,
240°, or 260°C. Then, the solution was naturally cooled to room
temperature in the muffle furnace. The substance in the lower layer
of the hydrothermal reaction vessel was subjected to suction filtra-
tion, washed with ethyl alcohol and DI water, and dried at 100°C for
12 hours.

Microwave and KOH activation of carbon spheres

A total of 3 g of dried carbon spheres was weighed and placed into a
beaker. Then, 7.5 g of KOH was weighed (corresponding to the im-
pregnation ratio KOH/C = 2.5) and dissolved in DI water. The
weighed charcoal was placed into the KOH solution, impregnated
for 24 hours, and then dried for 12 hours in an oven at 120°C. After
the charcoal with the KOH solution had completely dried, the im-
pregnated carbon was weighed, and the yield was calculated. The
carbon spheres were placed in a 50-ml crucible, which were put into
a quartz glass beaker. Then, the beaker with carbon spheres was placed
in a microwave oven for activation for 30 min (Fig. 2B). The micro-
wave oven was connected to a gas line before it was fed with nitrogen.
After the oxygen in the beaker was removed, the microwave irradi-
ation period was set to 10 min, and the power was set to 700 W. Af-
ter finishing the activation, the HCSs were neutralized using 0.1 M
hydrochloric acid, and the material was impregnated for 1 hour.
After the remaining KOH was entirely removed from the pores and
neutralized, the HCSs were washed with water and put into the oven
at 120°C for 24 hours. The neutralized HCSs were ready for use after
the drying was completed.

Preparation of GO/activated HCS composite

GO was prepared by the modified Hummers method, as reported
previously (34). GO (0.5 g) was dispersed in 200 ml of DI water and
sonicated for 4 hours. Next, 0.5 g of HCS was added into the GO
dispersion and stirred for 24 hours. The product was then washed
with DI water several times and finally freeze-dried for 2 hours.

Doctor-blade coating of HNM

An immobilized 90°-beveled razor blade (Fisher, 10 cm wide) was
gently placed on the substrate. The GO/HCS weight ratio used was
1:1. One microliter of the GO/HCS composite suspension mixture,
combined with polyvinylidene fluoride (PVDF) as a binder and N-
methyl-2-pyrrolidone (NMP) as a solvent, was dispensed along the
side wall of the blade and onto the substrate. The blade was dragged
by a syringe pump at a controlled 0.2 m/min; the blade could then
spread the colloidal suspension uniformly on the substrate.
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Characterization methods

Scanning electron microscopy

For the preparation of SEM samples, 3 to 5 mg of the samples to be
tested were collected and evenly dispersed on a conductive adhesive
on the sample stage. The sample was treated by gold sputter coating
for 40 s. In this study, a Quanta2000 SEM manufactured by the U.S.
FEI Company was used to characterize the samples’ microscopic
morphology.

Determination of the surface area and pore structure

This study adopted an automatic sorption analyzer to determine the
surface area and pore structure parameters of the carbon spheres.
Nitrogen was used as the adsorption medium at 77 K, and the ad-
sorption isotherms were measured in the relative pressure range of
0.01 to 0.9. Before testing, the sample was vented for 5 hours in a
vacuum environment at 300°C. The adsorption capacity of the sam-
ple was calculated using the multipoint BET (22) equation. The mi-
cropore volume and surface area were calculated according to the
t-plot method. The pore size distribution was determined using a
density functional theory (35) model.

Fourier transform IR and Raman spectroscopy

Fourier transform IR (FTIR) spectroscopy was used to determine
the types of functional groups on the surface of the carbon spheres.
Samples were subjected to IR spectroscopy analysis using a Nicolet
FTIR spectrometer. First, 5 mg of carbon spheres and HCS were
placed in an agate mortar, and high-purity KBr was added. After the
mixture was fully ground, the sample was pressed into a transparent
sheet by a tablet machine and placed in an IR spectrometer for mea-
surement. For measurement conditions, the sample was scanned
60 times with a resolution of 2 cm™" over the scanning range of 400 to
4000 cm™'. Raman spectra were recorded with a Jobin-Yvon HR800
Raman spectrometer with 632.8-nm wavelength incident laser light.
XRD analysis

A Siemens D8 Advance ECO (Bruker, USA) x-ray diffractometer was
used with a Cu Ka radiation source with a wavelength of 0.15 nm.
The tube voltage was 40 kV, the tube current was 30 mA, the angle
scan rate was 1°/min, and the scan step was 0.02°. The XRD patterns
were used to analyze changes in the internal crystal structure of cellu-
lose after heating.

Adsorption experiments

The adsorption isotherms were performed gravimetrically using a
sorption analyzer (TA Instruments, model VTI-SA) at 298 K with
N as the carrier gas. The system logged the equilibrium weight of
the biomass-based hierarchical porous carbon in response to a step
change in the concentration of the adsorbate (relative pressure range
of 0.01 to 0.9). Between 3 and 5 mg of hierarchical porous carbon
powder was weighed and placed into the analyzer. Equilibrium was
assumed to be reached when the weight changed by less than 0.001%
in 5 min.

To conduct the low-concentration adsorption experiment, a dis-
tinct apparatus was used, which is shown schematically in Fig. 6A.
During the adsorption process, the toluene/acetone vapor was gen-
erated and controlled with a 100-ml (Hamilton) syringe pump (KD
Scientific, model 200). A three-way valve with a photoionization de-
tector (RAE Systems, MiniRAE 2000) was set to continuously deter-
mine the inlet concentration before N, was mixed with toluene/
acetone and fed into the HNM. All experiments were conducted at
an initial concentration of 200 ppmv of toluene/acetone. The outlet
concentration was recorded every 15 min until the outlet gas con-
centration was stabilized at 99% of the inlet concentration.

Mao et al., Sci. Adv. 2020; 6 : eabb0694 7 October 2020

H, isotherms at 77 K at low pressure (0 to 1.2 bar) were mea-
sured in liquid nitrogen and liquid argon baths, respectively. Oil-
free vacuum pumps and oil-free pressure regulators were used for
measurements.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/41/eabb0694/DC1
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