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Highly Adsorptive, MOF-Functionalized Nonwoven Fiber
Mats for Hazardous Gas Capture Enabled by Atomic Layer

Deposition

Junjie Zhao, Mark D. Losego, Paul C. Lemaire, Philip S. Williams, Bo Gong,
Sarah E. Atanasov, Trent M. Blevins, Christopher J. Oldham, Howard J. Walls,
Sarah D. Shepherd, Matthew A. Browe, Gregory W. Peterson, and Gregory N. Parsons*

While metal-organic frameworks (MOFs) show great potential for gas adsorp-
tion and storage, their powder form limits deployment opportunities. Inte-
gration of MOFs on polymeric fibrous scaffolds will enable new applications
in gas adsorption, membrane separation, catalysis, and toxic gas sensing.
Here, we demonstrate a new synthesis route for growing MOFs on fibrous
materials that achieves high MOF loadings, large surface areas and high
adsorptive capacities. We find that a nanoscale coating of Al,O; formed by
atomic layer deposition (ALD) on the surface of nonwoven fiber mats facili-
tates nucleation of MOFs on the fibers throughout the mat. Functionality

of MOFs is fully maintained after integration, and MOF crystals are well
attached to the fibers. Breakthrough tests for HKUST-1 MOFs [Cu;(BTC),] on
ALD-coated polypropylene fibers reveal NH; dynamic loadings up to 5.93 £
0.20 mol/kgmor.fiber- Most importantly, this synthetic approach is generally
applicable to a wide range of polymer fibers (e.g., PP, PET, cotton) and MOFs

(e.g., HKUST-1, MOF-74, and UiO-66).

1. Introduction

Hazardous gas adsorption has important implications for
human health, industrial safety, and environmental protection.
Traditional adsorbents including zeolites, activated carbons,
and silica gels can abate hazardous gas emission, but there is

J. Zhao, Dr. M. D. Losego, P. C. Lemaire,

Dr. P. S. Williams, Dr. B. Gong, S. E. Atanasov, E E
T. M. Blevins, Dr. C. . Oldham, Prof. G. N. Parsons _'.,".,1.:__r
Department of Chemical and Biomolecular Engineering =

North Carolina State University, 911 Partners Way,

Raleigh, NC, 27695, USA [w]
E-mail: gnp@ncsu.edu

Dr. H. ). Walls, S. D. Shepherd

RTI International, 3040 East Cornwallis Road

Research Triangle Park,

NC, 27709, USA

M. A. Browe, G. W. Peterson

Edgewood Chemical Biological Center

5183 Blackhawk Road, Aberdeen Proving Ground,

MD, 21010, USA

DOI: 10.1002/admi.201400040

Adv. Mater. Interfaces 2014, 1, 1400040

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

growing need for materials with higher
capacity and better selectivity, while simul-
taneously providing multifunctional perfor-
mance (i.e. capture and alert capability).!
Metal organic frameworks (MOFs), com-
posed of metal-containing units and
organic bridging ligands,’! exhibit high
surface area, good thermal stability, and
have significant synthetic versatility, ena-
bling structures with tunable pore sizes
and adjustable internal functionality.l¥
MOF synthesis usually follows wet solvo-
thermal batch methods, producing pow-
ders that require further manipulation and
handling, and may be difficult to imple-
ment for some applications.’! Integration
of MOFs on polymeric fibrous scaffolds
could simplify handling, regeneration and
deployment. It could also broaden practical
use for filtration, separations, catalysis,
sensing and other applications.[®!

Several methods have been used to integrate MOF crys-
tals on polymer fiber matrices, including encapsulation
in electrospun fibers 781 and immobilization on fibers via
solvothermal synthesis,®1% layer-by-layer method ©! or
microwave irradiation.[!?l Unfortunately, these methods gen-
erally lead to small MOF loading fractions, poor MOF crystal
quality, and low Brunauer—-Emmett-Teller (BET) surface
areas—limiting applicability. For example, Kuesgens et al.
grew HKUST-1 crystals on pulp fibers using direct solvo-
thermal synthesis and found the surface area to be limited to
314 m?/g.’l Wu et al. encapsulated HKUST-1 MOFs in elec-
trospun fibers, and also only achieved a value of 311 m?/g
before repeating secondary growth.[! These values are at
least 2 times lower than pure HKUST-1 powders grown sol-
vothermally (692-1460 m?/g).'3-17] To date, no prior report
has assessed the hazardous gas adsorption capacity for MOF-
functionalized fibers.

In this work, we introduce a novel synthesis route for
achieving high-quality MOF growth on polymer fibers. We use
atomic layer deposition (ALD) to form a nanoscale-thick con-
formal coating on polymer fibers for nucleation of solvother-
mally grown MOF crystals. This approach is first demonstrated
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with HKUST-1 on ALD-Al,Os-coated polypropylene fibers.
MOF nucleation on fibers is compared between untreated and
ALD-coated substrates, while the quality of MOFs is bench-
marked to pure powders. Hazardous gas (ammonia) adsorp-
tion capacity was characterized via breakthrough tests. We also
show the general applicability of this technique to a wide range
of polymer fibers (e.g., PP, PET, and cotton) and MOFs (e.g.,
HKUST-1, MOF-74, and UiO-66).

2. Results and Discussion

Figure la—c illustrates the process scheme for the case of
HKUST-1 grown on ALD-Al,0;-coated polypropylene fibers.
Polypropylene (PP) fibers (Figure 1a) in a nonwoven mat were
conformally coated with ALD Al,O; (200 cycles at 60 °C), cre-
ating a core/shell “PP/ALD” structure with hydroxyl surface
termination (Figure 1b).18 This ALD coating can change wet-
tability of fibers for thorough permeation of solvothermal sol-
vents (Figure S1),l'”l and improve reactivity of the fiber surfaces
for MOF nucleation. Depending on the the deposition condi-
tions, ALD coatings can increase surface roughness,?% which
may also promote MOF nucleation. HKUST-1 [Cu;(BTC),] was
grown onto ALD-coated fibers solvothermally using copper
nitrate trihydrate and 1,3,5-benzenetricarboxylic (BTC) acid as
precursors in a water/ethanol (50/50 vol%) solution (Figure 1c).
Fiber mats were placed in a Teflon-lined pressure vessel and
immersed in the liquid reagents which readily wetted the
coated fiber substrates. The vessel was sealed, and MOF growth
proceeded under the optimal condition at 120 °C for 20 hours
(optimization shown in the Supporting Information). Figure 1d
shows HKUST-1 cyrstals grown densely and conformally on an
ALD-coated PP fibers. This resulting MOF-functionalized fiber
mat is referred to as “MOF-PP/ALD”.

In Figure 2 we compare the growth of HKUST-1 on untreated
and ALD-coated PP fiber mats. MOFs grown on the untreated
PP fibers (referred to as “MOF-PP”) show macroscopic non-
uniformity and appear to have nucleated homogeneously (i.e.
in solution) throughout the fiber matrix (Figure 2a). When
coated with ALD Al,O;, the fiber mats show uniform MOF
coverage indicative of heterogeneous nucleation on the fiber
surface (Figure 2b). X-ray diffraction data in Figure 2c confirms
HKUST-1 crystal formation for both structures.

Figure 2d shows the percent mass increase after MOF
growth on untreated and ALD-coated PP fiber substrates.
Mass increase percentage (Am/my) is 336 *+ 38% for PP/
ALD, and 228 * 83% for untreated PP respectively. The results
show that the ALD treatment enhances both the amount
and uniformity of MOF growth. Normalizing the MOF mass
loading per unit substrate external surface area, we find Am =
14.78 mg/cm? on PP/ALD to be 54% larger than on untreated
PP (Am = 9.61 mg/cm?). Mass gain is also more reproducible
on the ALD-Al,O;-coated fiber mats, as indicated by the box-
plot’s interquartile range (IQR) = 69% for PP/ALD vs 145%
for untreated PP. Figure 2e shows results from N, isotherms
and Brunauer-Emmett-Teller (BET) surface area analysis.
The MOF-PP/ALD fiber mats show an average surface area
(SAwmoFfiber) Of 695 + 76 mM?/gMoF4fiber, Which is ~60% higher
than that of MOF-PP fibers (434 + 198 m?/g\oF4fiber)- This is
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Figure 1. a-c) Schematic illustration of the synthesis route. a) Polymer
fiber substrate. b) Al,0;-coated polymer fiber via atomic layer deposition
(ALD). The cross section in the dashed square illustrates the conformal
coating of ALD Al,O; with hydroxyl surface termination. c) MOFs inte-
gated on Al,03-coated polymer fiber using solvothermal MOF synthesis.
d) SEM image of HKUST-1 MOF crystals grown on an ALD-Al,O;-coated
polypropylene fiber (MOF-PP/ALD).

consistent with the higher MOF mass gain on PP/ALD sub-
strates. The surface area of MOF-PP/ALD fiber mat is also >2x
larger than prior reports for MOFs on fibers.®*!

We compare the quality of the MOFs nucleated on fibers to
that of pure powders. The surface area of the MOF component
in the MOF-fiber material (SAyor) is given by:

Adv. Mater. Interfaces 2014, 1, 1400040
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Figure 2. Comparison of HKUST-1 MOF grown on untreated and ALD-
coated polypropylene fiber mats. a) SEM image of HKUST-1 MOF grown
on untreated polypropylene fiber mats (MOF-PP). Insert image is a
photograph of MOF-PP (scale bar represents 1cm). b) SEM image of
HKUST-1 MOF grown on ALD-Al,O;-coated polypropylene fiber mats
(MOF-PP/ALD). Insert image is a photograph of MOF-PP/ALD (scale
bar represents 1 cm). c) X-ray diffraction of MOF-PP and MOF-PP/ALD.
d) Mass increase percentage based on substrate dry weight. Interquartile
range and average value were calculated based on 16 MOF-PP samples
and 12 MOF-PP/ALD samples. e) Brunauer—Emmett-Teller (BET) surface
area of MOF-fiber materials and calculated BET surface area for MOF part
(error bars represent standard deviation). BET surface area for PP fiber
substrates is 1.3~1.5 m?/g. The values were measured for uncoated and
ALD coated fibers, and the values were indistinguishable.

SAMOF+ﬁbzr X mMOF+ﬁber - SAﬁher X mﬁber
SAyor =

MrMoF+ fiber — M fiber (1)

where SA is the surface area and m is the mass of each compo-
nent. From this analysis (Figure 2e), we find SAyor = ~716 £
305 m?/gor) for MOF-PP, while SAyop = 924 + 94 m*/g o
for MOF-PP/ALD. HKUST-1 powders similarly produced in
our lab show SAyor = 1066 m?/g. It is consistent with as-syn-
thesized high quality HKUST-1 crystals,'>"17 and essentially
similar to the MOFs we grew on PP/ALD fibers. Although post-
synthesis activation maybe further increases the MOF surface
area, vacuum drying at high temperature is not suitable for the
polymer fiber substrate. Lower surface area on untreated PP is
likely the result of nonstoichiometric crystal phases or other
unwanted side products.

To assess the quality of interaction between MOFs and the fiber
substrates, we performed compressed air blowing tests. We forced

Adv. Mater. Interfaces 2014, 1, 1400040
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Figure 3. NH; breakthrough curves for untreated polypropylene fiber
mats (PP, O), ALD-Al,0;-coated polypropylene fiber mats (PP/ALD, <),
HKUST-1 MOF grown on untreated polypropylene fiber mats (MOF-PP,
@), HKUST-1 MOF grown on ALD-Al,O;-coated polypropylene fiber mats
(MOF-PP/ALD, #).

compressed air at ~40 psi for 4 min through a standard-size MOF-
fiber mat (10 cm?) and measured the mass change versus air-flow
time. Results are plotted in Figure S5. Generally, the mass loss
stabilizes within a few minutes, and the overall loss of MOF-PP/
ALD is limited to ~15% of the starting mass. Many samples
show >85% MOF retention. Subsequent laboratory handling of
MOF-fiber mats after forced air testing resulted in no noticeable
MOF detachment. In addition, we tested our MOF-fiber mats in
bending and rubbing tests. The amount of particles coming off
during these tests was too small to quatifiy. Rubbing test may also
lead to fiber abrasion. So compressed air blowing test was chosen
to be our standard methods for MOF attachement testing.

To evaluate MOF-functionalized fibers for hazardous
gas adsorption, we used ammonia breakthrough analysis
(Figure S6).2!1 Results in Figure 3 show downstream NH;
concentration changes as a function of time after the feed
flow starts. Ammonia breakthrough is defined as the time at
which the downstream signal reaches 5% of the feed concen-
tration. Dynamic loading (calculation shown in the Supporting
Information) indicates the total ammonia sorption capacity at
saturation. The decay in NH; signal after feed flow is terminated
shows NH; desorption rate, indicating the retention and there-
fore strength of sorption. Figure 3 shows that the breakthrough
time for MOF-PP/ALD is up to 58% longer than MOF-PP. Con-
trol PP mats without MOFs exhibit immediate breakthrough.
From the breakthrough results, the ammonia dynamic load-
ings are 5.28 £ 0.40 molyy3/kgmor+fibery for MOF-PP/ALD and
4.57 + 0.27 molyy3/kgmor-fber for MOFs on untreated fibers.
Calculation results show the NHj; dynamic loading for the
MOF component in MOF-PP/ALD fiber mats is 6.9 £ 0.5 mol/
kgor), similar to that for pure MOF powders synthesized in
our lab (7.23 mol/kg) and consistent with the reported values.!'%l
The similar values for the NH; dynamic loadings indicate the
adsorption takes place in the bulk MOF crystals on the fibers.

In addition to ammonia, we also evaluated the performance
of MOF-functionalized fibers for H,S removal. Compared with
H,S adsorption by MOF powders,!??! the H,S dynamic loading
for our MOF-fiber mats show good H,S loading capacity,
demonstrating that the MOF-fiber constructs have functional
capacity to adsorb hazardous gases beyond NHj.

wileyonlinelibrary.com
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different ALD thickness (Figure 4b). The
amount of MOFs grown into the fiber mat
rises as the number of ALD cycles increases
to ~100 cycles (Figure S7), leading to the sim-
ilar trends of MOF loading and BET surface
area shown in Figure 4c,d. The NH; break-
through tests, summarized in Figure 4ef
show that NH; adsorption capacity correlates
closely with BET surface area, regardless of
the different crystal size distribution.

In addition to ALD coating thickness, we

MOF Crystal Size (um)

30 40 50 also tested the effect of ALD chemistry. ALD

ZnO and TiO, coated PP fiber mats were

100 ~ 200 ~ 500
Number of ALD Cycles

functionalized with HKUST-1 MOFs, and
the results shown in Figure 5a,b are com-
pared with MOFs on ALD Al,O; coated PP.
We find that MOF crystals on ZnO are small,
whereas those on TiO, are generally larger
than the MOFs on Al,O;. This indicates that
MOF crystal morphology can be adjusted
using different ALD coatings. We hypoth-
esize that the wettability, surface rough-
ness and isoelectric points (IEP) of different
ALD coatings may all affect the nucleation
of MOF crystals. The mechanism of MOF
nucleation on different ALD materials is

(a) ' —(b) g
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50 Cycles H 50 cycles
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Figure 4. MOF-fiber mats with different ALD coating thicknesses. a) MOF crystal size distri-
bution on the top surface. b) MOF crystal size distribution on the cross-section. Crystal size
distributions were analyzed based on 50 measured crystal sizes on each corresponding SEM
image. c) Mass increase of the fiber mats after MOF integration. d) BET surface area of the
MOF-functionalized fiber mats and the surface area of MOF component in the fiber mats.
e) NHj; dynamic loading on MOF-functionalized fiber mats. f) NH; breakthrough time on

MOF-functionalized fiber mats.

We investigated the effect of ALD coating thickness, and find
that MOF crystal size distribution and extent of growth into the
fiber mat can be systematically changed with ALD thickness.
Figure S7 shows top-view and cross-sectional SEM images
of MOFs grown on PP fiber mats with 0, 50, 100, 200 and
500 cycles of Al,0;3 ALD (roughly correspond to 0 nm, 6 nm,
12 nm, 24 nm, and 60 nm of Al,O; respectively). MOF crystal
size distributions analyzed from both top-view and cross-sec-
tional SEM are plotted in Figure 4a,b and Figure S8. On the
top layer of fibers (Figure 4a), MOF crystal sizes decrease from
24 £ 8 pm to 9 £ 3pm with narrowing distributions, as ALD
coating thickness increases from 0 to 500 cycles. Similar trend
is also found in the cross-sections of the MOF-fiber mats with

wileyonlinelibrary.com
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currently under investigation. The resulting
mass increase, BET surface area, and NH;
dynamic loading of these MOF-fiber mate-
rials are shown in Table 1. The NH; dynamic
loading of MOF-PPJALD(ZnO) (5.93 +
0.20 mol/kgnor.fivery) Tepresents the best
adsorptive capacity of MOF-fiber materials
so far. MOF-PP/ALD(TiO,) fiber mats exhibit
less adsorptive capacity than MOF-PP/
ALD(AL,0;) and MOF-PP/ALD(ZnO). This
may be explained with the low surface area
of the MOF component in this material
(<670 m?/gniop), which may suggest the
formation of impurities or the necessity of
careful post-synthesis activation.

Finally, we demonstrate our approach can
readily extend to various fibers and MOFs.
Figure 5d,e and Table 1 show HKUST-1
growth on ALD Al,O; coated polybutylene
terephthalate (PBT) and cotton fiber mats.
Cotton cellulose has hydroxyl groups that promote ALD Al,O3
growth,)l but our results show HKUST-1 mass uptake on
ALD treated cotton is less than on other ALD-modified fibers.
Initial MOF loading on cotton/ALD fiber mats is comparable
with that on PP/ALD and PBT/ALD fiber mats (Table 1), but
MOFs grown on cotton/ALD fibers tend to show poor adhe-
sion. We hypothesize that the ALD layer enhances nucleation,
but nucleii attachement is less robust, possibly resulting from
the smooth surface after ALD treatment. This is supported by
Figures 5(e) and S9 showing MOF growth in the crevaces on
the cotton fibers. The details of MOF nucleation on different
surfaces are currently under investigation. Preliminary exam-
ples of Zn-MOF-74, Mg-MOF-74 and UiO-66 on ALD-coated

Adv. Mater. Interfaces 2014, 1, 1400040
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Figure 5. HKUST-1 MOF grown on different ALD coatings and different
polymer fibers. a) SEM image of MOF on ALD-ZnO-coated polypropylene
fiber mats (MOF-PP/ALD(ZnO)). b) SEM image of MOF on ALD-TiO,-
coated PP fiber mats (MOF-PP/ALD(TiO,)). c) SEM image of MOF on
ALD-Al,O3- coated PP fiber mats (MOF-PP/ALD(Al,O3)). d) SEM image
of MOF on ALD-Al,0s-coated polybutylene terephthalate (PBT) fiber mats
(MOF-PBT/ALD(A,O3)). €) SEM image of MOF on ALD-Al,Os-coated
cotton fiber mats (MOF-Cotton/ALD(Al,O;)).

nonwoven polymer fibrous substrates are given in Figure S10.
Integration of these MOFs on nonwoven fiber mats could
potentially broaden the practical use for filtration, separations,
catalysis, sensing and other applications.

3. Conclusion

In conclusion, we have demonstrated a new synthesis route
using ALD coatings to facilitate MOF nucleation on fibrous
materials. Al,O; ALD coatings improve the MOF macroscopic
uniformity and its coverage on fiber surfaces. MOF-PP/ALD
fiber mats exhibit higher BET surface areas and higher NH;
dynamic loading capacities than MOFs grown on untreated PP
fiber mats. These results significantly advance capability for
functional MOFs on fiber substrates. Variations in ALD surface

Table 1. Characterization of MOF-functionalized fiber mats: fiber mass
gain (mg/cm?) after MOF integration, BET surface area (m?/g) of MOF-
fiber materials and NH; dynamic loading (mol/kg) calculated from
breakthrough curves.

MOF-fiber Composites Fiber Mass Gain  Total BET Surface NH; Dynamic

(mg/cm?) Area (m?/g) Loading

(mol/kg)
MOF-PP/ALD(ZnO) 25.21 764 £ 11 5.93+0.20
MOF-PP/ALD(TiO,) 12.85 509 + 151 2.75+£0.02
MOF-PP/ALD (Al,0;) 14.78 694+ 76 528 +0.40
MOF-PBT/ALD (AL, O;) 17.17 485 2524023
MOF-Cotton/ALD (Al,05) 13.59 121 1.70£1.14

Adv. Mater. Interfaces 2014, 1, 1400040
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modification are found to affect MOF crystallite size and distri-
bution but ultimately have minimal effect on ammonia removal
performance. The process scheme presented here provides a
robust platform technology for integrating various MOFs onto
polymeric fibrous substrates for the use in human protection,
industrial safety, and environmental preservation.

4. Experimental Section

Nonwoven polypropylene, polybutylene terephthalate and cotton
fiber mats were used as received [2)l (NCRC, NCSU) and coated with
200 cycles of ALD Al,05 at 60 °C. HKUST-1 MOFs were synthesized
using Cu(NOs),-3H,O (0.87 g, Aldrich, 99%) in ethanol (12 mL)
and 1,3,5-benzene-tricarboxylic acid (0.42 g, Acros Organics, 98%)
in deionized water (12 mL) as precursor solutions. Fiber mats were
transfered in a Teflon-lined pressure vessel with the mixed precursor
solution. MOF growth proceeded in the sealed vessel at 120 °C for
20 hours. After synthesis, the fiber mats were rinsed in ethanol, and dried
in vacuum over at 120 °C for 12 hours. Scanning electron microscope
(SEM) images were taken with an FEI Phenom bench-top SEM.
Samples were sputter-coated with 5~10 nm of Au-Pd before imaging.
X-ray diffraction (XRD) was measured with a Rigaku SmartLab X-ray
diffraction tool (CuKex X-ray source). BET surface areas were measured
using a Quantachrome Autosorb-1C surface area and pore size analyzer.
Samples were degassed at 120 °C for 12 h before measurement. BET
surface areas were analyzed based on N, isotherm adsorption within the
P/P, range of 0.05-0.31. Rapid micro-breakthrough analysis equipment
(shown in Figure S6) was used to measure NH; adsorption (details and
calculations are shown in the Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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