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Abstract: There is significant interest in high-performance
materials that can directly and efficiently capture water vapor,
particularly from air. Herein, we report a class of novel porous
carbon cuboids with unusual ultra-hydrophilic properties, over
which the synergistic effects between surface heterogeneity and
micropore architecture is maximized, leading to the best
atmospheric water-capture performance among porous car-
bons to date, with a water capacity of up to 9.82 mmolg™" at P/
Py=02 and 25°C (20% relative humidity or 6000 ppm).
Benefiting from properties, such as defined morphology,
narrow pore size distribution, and high heterogeneity, this
series of functional carbons may serve as model materials for
fundamental research on carbon chemistry and the advance of
new types of materials for water-vapor capture as well as other
applications requiring combined highly hydrophilic surface
chemistry, developed hierarchical porosity, and excellent
stability.

P orous carbons are one of the most common classes of
porous solids for organic vapor separation. However, owing
to their intrinsic hydrophobic surface and wide micropore size
distribution, for quite a long time they were not suitable
adsorbents in water-vapor capture, particularly atmospheric
water capture (AWC, vapor content of around 1% in air or
10000 ppm, data from NASA), an important topic because
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of increasing water shortages,” or for clean energy systems,
such as adsorption heat pumps.”!

Among current technologies, hygroscopic brine solutions
and hydrophilic inorganic solids (e.g., silica gels, zeolites)"!
and certain kinds of metal-organic frameworks (MOFs)P4
show good performances for AWC. However, the effective-
ness of such desiccant materials is often limited by their poor
durability and the high energy consumption for their recov-
ery. Considering carbon material’s high stability and easy
regeneration, researchers have paid great efforts to designing
new types of functional carbons through surface decoration
and meso-/nanopore engineering, however, an efficient AWC
based on nanoporous carbons has not yet been achieved.
Moreover, the trapping and confinement of water molecules
in nanopores as well as the influences of structural hetero-
geneity on the formation of primary water clusters in
nanopores is still not fully understood.”!

It has been demonstrated experimentally and theoret-
ically that two effects determine the trapping of water into
nanopores of carbon: heteroatom-decorated active sites and
the micropore structure.”) Water capture at low pressure (P/
Py,<0.2, Py=3080 Pa or 23.1 mmHg at 25°C) is determined
by surface functional groups, such as O-doped, N-doped polar
sites, which can induce and stabilize the dense water phase by
the formation of hydrogen bonds.®! Even after extensive
research, to date, the capture of low-pressure water vapor
(e.g., 20% relative humidity or 6000 ppm) is still relatively
low, less than 1 mmol g~' on non-functionalized carbons!” and
less than 4 mmolg™' on modified carbons.®! The possible
reasons for this low capture may be 1) the number of active
sites is too small to form the required hydrogen-bonding
network between carbon pore walls and the water phase;
2) the unsuitable micropore size fails to enable hydrogen
bonds to form between water molecules from the opposite
side of the micropore, leading to only a thin covering layer
rather than filling of the whole pore with water. Another
challenge is the simultaneous enrichment of both micro-
porosity and the number of heteroatom-doped active sites,
since normally in carbon preparation both features develop
contrarily, that is, increasing the carbonization temperature
leads to the development of porosities but a sharply decreased
number of heteroatom-doped sites.”!

Herein, we report a class of novel porous carbon cuboids
(PCC) with unusual ultra-hydrophilic properties, over which
the synergistic effects between surface heterogeneity and
micropore architecture is maximized, leading to the best
atmospheric-water-capture performance among porous car-
bons to date, with a water capacity of up to 9.82 mmolg™" at P/
Py=0.2 and 25°C. Structurally, a narrow micropore size
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distribution in the PCC is achieved, around a diameter of
7.6 A. Chemically, the PCC show an unprecedentedly high
number of heteroatom-decorated active sites, with N:C and
O:C ratios of up to 1:5 and 2:5, respectively. Even after
pyrolysis at 1000°C in argon the rich surface heterogeneity is
maintained to more than 66 %, and the water capture capacity
is still up to 5.80 mmolg~', which is still in a record value
among porous carbon materials (even though the surface area
is as low as 270 m*g™!).

The unique carbon precursor is synthesized through an
ultra-fast coordination (30s; Video S1 in the Supporting
Information) of 4,4-bipyridine and copper ions in the
presence of triblock copolymer (F127) in a water/ethanol
solution and then collected by centrifugation (Figure 1a). The
introduction of F127 was intended to ensure the as-formed
polymer colloids are well dispersed. During this fast reaction,
a lone pair of electrons from the heterocyclic nitrogen atom of
4,4"-bipyridine is donated to a copper cation,'” resulting in
the formation of a coordination complex network with the

theoretical composition of CuC,;(HgN,Cl,. Subsequently, the
copper species easily separate from the nitrogen-containing
backbones as carbonization proceeds, leaving nitrogen heter-
ocyclic rings fusing and stacking around the residual copper
species. The microporosity is created by leaching the copper
species with an oxidative acid, for example, 4M HNO;,
through which a high number of oxygen-functional groups can
be introduced simultaneously.

The SEM images (Figure 1b,c) show that the uniform and
hierarchically porous carbon cuboids of PCC-1, carbonized at
500°C, are randomly aggregated and overlapped with each
other, with a highly rough surface and many macroporous
holes distributed all over the particles. The TEM images in
Figure 1d,e reveal the highly amorphous structure of PCC-1.
Short and uniform graphene multilayers with a thickness of 2—
3 nm are randomly packed and interconnected, between them
rich microporosity arises.

Nitrogen physisorption measurements (Figure 2a) were
performed to evaluate the pore structure of PCC-1. The type I

isotherm indicates the microporous properties
of the material, while the abrupt increase in

Figure 1. a) synthesis of porous carbon cuboids; b,c) SEM images and d,e) TEM images
with low and high magnification of PCC-1. Conformal transformation: During pyrolysis,
the morphology of the carbon precursor is well maintained macroscopically and micro-
scopically.
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the high relative pressure region (P/P,>0.9)
indicates the existence of macropores, which
is consistent with the SEM observation.
Further, the semi-logarithmic plot of the
isotherm (Figure S1a) reveals a sharp micro-
pore filling with nitrogen molecules in the
low-pressure regime (P/Py~2x107°), reveal-
ing the existence of many micropores with
a narrow size distribution. The apparent sur-
face area based on Brunauer-Emmett-Teller
(BET) theory (0.05<P/P;<0.18) is
826 m?g~!, and total pore volume at P/P,=
0.9 is 0.45 cm*g™". The peak pore size distri-
bution on the basis of non-localized density
functional theory (NLDFT) is around 7.6 A,
whose reliability is in turn demonstrated by
a good fitting between the simulated adsorp-
tion isotherm based on NLDFT theory using
the carbon slit pore model and the exper-
imental data (Figure S1b). Also the high
uptake (5.3 mmolg', Figure 2b) of CO, at
0°C over PCC-1 further confirms the exis-
tence of rich microporosity, which is consis-
tent with the nitrogen sorption data and the
TEM observation.

The sorption kinetics of PCC-1 are eval-
uated by the InfraSORP technique (Fig-
ure 2¢), where an infrared sensor immediately
records the temperature increase of the
adsorbent arising from the released heat of
adsorption, when the probe adsorbate (typi-
cally n-butane at 1 bar) is introduced into the
samples.'!l The sharp temperature increase is
related to the adsorption of n-butane mole-
cules in the micropores, as these have a much
higher adsorption potential than the larger
pores. For PCC-1 only 42% of the adsorbed
molecules can be desorbed by an inert gas
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Figure 2. Structural characterization of PCC-1: a) N, isotherm and its pore size distribu-
tion (inset); b) CO, sorption at 0°C; c) the kinetics evaluation by InfraSORP techniques
using n-butane as the probe molecule; d) Raman spectrum; e,f) XPS spectra of Cls and

N1s.

flow of 120 s, which is much less than for non-doped carbons
with similar pore size distribution,'” indicating the strong
trapping effects of PCC-1's heteroatom-decorated narrow
micropores, which is confirmed by the similar performance in
the successive 10 cycles (Figure S2).

The Raman spectrum of PCC-1 (Figure 2d) shows two
peaks around 1578 (G band) and 1357 cm™' (D band). The
G band located at 1578 cm ™! is attributed to symmetric bond
stretching of all the sp® carbon atoms while the D band at
1357 cm ™! is due to the breathing modes of sp* atoms in rings,
which is directly related to defects or disorder.™™ The Ip/I;
area ratio is 4.53 for PCC-1 (fitting details in Table S2),
indicating its amorphous nature and the presence of many
defects arising from the high doping level of N and O atoms.

The surface elemental composition and chemical status of
the elements in PCC were measured by X-ray photoelectron
spectroscopy (XPS, Table 1, Figure 2e.f, Figure S3-6), while
the bulk compositions were determined by elemental analysis
(Table 1). For PCC-1, the peaks located at around 285, 399,
and 532 eV in the XPS survey (Figure S3) correspond to three
characteristic peaks of Cls, Nls, and Ols, with the atomic
content of 60atm % C, 14atm % N, and 26atm % O, respec-
tively. The N:C ratio is 0.23, which is even higher than that in
the 4,4'-bipyridine molecules (N:C=0.2), indicating a high
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pyrolysis.!

Thermodynamically and kinetically, the
low-pressure water capture may greatly benefit
from the N- and O-decorated surface, the
numerous and narrow micropores, and the
hierarchical and well-defined morphology. The
water physisorption isotherms (Figure 3a)
show a sharp water capture until P/P;=0.2, with a high
uptake of 9.82 mmolg~'. This outperforms the widely used
commercial and well-researched carbons, which normally
adsorb only a negligible amount of water at such low pressure.
For example, on commercial BPL activated carbon less than
0.04 mmolg™' and on NC100 less than 1 mmolg ") On
carbon nanotube, less than (0.2 mmol g’l,”wJ and carbide-
derived carbon only 0.04-0.2 mmolg™' are adsorbed;"? and
also lower under 4 mmolg™' on highly porous modified
carbons, for example, nitrogen-doped carbon nanofiber (2—

Table 1: Surface and bulk composition of the porous carbon cuboids.

PCC Surface composition®® Bulk composition
atom % (N+0)/C atom % (N+0)/C
C N (0] C N (0]
PCC-1 60 14 26 0.67 61 13 27 0.64
PCC-2 62 13 25 0.61 66 11 23 0.51
PCC-3 65 11 24 0.54 70 9 21 0.42

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Based on XPS spectra in Figure S3-S5. [b] Based on elemental
analysis, and converted from weight percent to atomic percent. The O
content is calculated by difference: 100%—C%—N %. To clarify, to
enable a good comparison, the hydrogen content is not counted. PCC-1,
PCC-2, and PCC-3 were carbonized at 500, 700, and 1000°C, respectively.
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Figure 3. Water-capture performances: a) H,0O adsorption (solid symbols) and desorptio-

n (empty symbols) isotherm at 25°C for PCC-1, PCC-1 after H, reduction at 500°C for 3 h and
PCC-1 after immersing in 4 m HCl solution at 25°C for 24 h, the isotherm for sample after 4 m
HCl solution treatment offset vertically by 50 cm*g™"; b) schematic representation of low-
pressure water capture in the PCC micropores: water intermolecular hydrogen bonding and
hydrogen bonding between water phase and carbon pore walls; c) time-resolved water sorption
at 0°C; d) 5 cycles of water sorption on PCC-1 at 25°C, showing the uptake at P/P,=0.2;

e) water-capture performance of PCC-1 with other best-performing materials reported in
literature, such as CNT-6.8 A,79 CMK-3,79 cDC,"? BPL AC,7¥ zeolite13X,*! MOF-801-P*! and
Mg-MOF-74 ! f) the water adsorption uptake at P/P,=0.2 and 25°C of PCCs carbonized at

600, 700, and 1000°C.

4 mmolg™),"*%  O-enriched porous carbon (less than

4.4 mmolg "), as well as synthetic carbons (less than
2 mmolg ") (Table S1). To our surprise, the sample of
PCC-1 before leaching the copper species can deliver an
uptake of up to 3.0 mmolg™' at P/P,=0.2 (Figure S7a),
though its porosity is poorly developed (BET surface area:
58 m?g™"; pore volume: 0.06 cm®>g~", Figure S7b). This con-
firms the ultrahigh polarity of its micropore walls.
Remarkably, 13 water molecules are calculated to be
trapped per nm® of micropore volume, while seven water
molecules are captured per nm? surface area of PCC-1 (Fig-
ure 3b). These values demonstrate the high efficiency of the
highly heterogenized microporosity as a “H,O reservoir”. The
N- and O-doped active sites are dispersed at the molecular
level so that for every 100 carbon atoms, 60 are N or O doped,
thus a “physical picture” can be imagined in which a large
number of hydrogen bonds to the doped carbon surface
stabilizes the water phase which intern forms an extended

www.angewandte.org
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capture capacity is well retained after
five equilibrium adsorption—desorption
cycles (Figure 3d). Such high-perfor-
mance is unique among the reported
carbons, such as activated carbons,’*"
CNTs,”*Y mesoporous carbon CMK-
3,71 carbide derived carbons,’! and
superior to zeolites and most MOFs
(particularly multi-cycling performan-
ces), even comparable to the best-per-
forming MOFs, such as MOF-801-P.*
The good stability of PCC-1 is further
exhibited by a stable performance over
20 adsorption—desorption runs at 0°C (Figure S9). The
regeneration (over 95% capacity) can be achieved at 100°C
under vacuum for 1h or in argon flow (40 mLmin™") at 80°C
for 2 h. More importantly, the PCC materials show remark-
able chemical stability and thermal stability. For example, the
PCC-1 after immersion in 4M HCI solution for 24 h shows
a capacity of 10.4 mmolg™" at P/P,= 0.2, which is even higher
than that of the untreated PCC-1 (Figure 3a). The water-
capture capacity at P/P,=0.2 is 8%, 72%, and 59% on
samples after the pyrolysis at temperatures of 600, 700, and
1000°C, respectively (Figure 3 f, Figure S10). The morphol-
ogy did not show visible changes (Figure S11, S12), whereas
the surface area and porosity decrease significantly as a result
of the increasing degree of graphitization (Figure S13, S14,
Table S2), for example, a 67 % reduction of surface area can
be seen after 1000°C pyrolysis from 826 to 270 m?g~". The
important role of the N-/O-doped active sites are further
highlighted by comparing the loss of porosity (67 %) and the

Angew. Chem. Int. Ed. 2015, 54, 1941-1945
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remaining water capture capacity (59%, 5.8 mmolg™). In
addition, the microstructure of this PCC series can be easily
tuned from micron-sized carbon cuboids into three dimen-
sional networks in the form of thin films or monoliths with
greatly shortened building units (100-200 nm), but the water
vapor capture capabilities can be maintained or even
enhanced (Figure S15 and S16).

In summary, a new class of ultra-hydrophilic porous
carbon cuboids have been prepared, through a coordination
reaction followed by carbonization, which shows a high
density of narrow micropores and surface heterogeneity.
Benefiting from such characteristics, a high uptake, fast
kinetics, as well as long cycling stability is observed for low-
pressure water-vapor capture, which is unusual among
carbons and even comparable to the best-performing MOFs
with rich microporosity and abundant functional groups. We
believe this unique class of functional carbon materials will
have a major impact on carbon chemistry and on the
advancement of new types of materials for low-pressure
water capture from air and other applications requiring highly
hydrophilic surface chemistry. Moreover PCC-1 could be
developed as a valuable catalyst support material for impreg-
nation from aqueous solutions and with a high affinity to
charged metal precursors.

For future work, the PCC-1 material derived from such
novel coordination complex networks, with its unique ultra-
hydrophilic surface chemistry, high heteroatom doping fea-
tures and high density of narrow micropores, is named DUT-
108 (DUT=Dresden University of Technology). Studies
regarding its further application as a metal-free catalyst in
the oxygen reduction reaction (ORR) for fuel cells, as catalyst
supports, as well as in adsorption heat pumps are underway.
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