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Research Paper 

In-situ synthesis of Metal Organic Frameworks (MOFs)-PA12 powders and 
their laser sintering into hierarchical porous lattice structures 

Binling Chen *, Richard Davies , Hong Chang , Yongde Xia , Yanqiu Zhu , Oana Ghita 
College of Engineering, Mathematics and Physical Sciences, University of Exeter, Exeter EX4 4QF, UK   
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A B S T R A C T   

This paper demonstrates the utilisation of in-situ synthesised novel metal organic framework (MOF)-polymer 
nanocomposite laser-sintered parts with enhanced CO2 adsorption properties. Making use of polyamide PA12, 
one of the most common materials in powder bed fusion process as the base polymer, an in-situ synthesis of 
nanofiller ZIF-67 crystals on the surface of polyamide polymer particles was proposed to allow the fabrication of 
a nanocomposite powder with a good dispersion, reducing any health and safety handling issue arising from use 
of loose nanoparticles. This in-situ synthesis method allowed a maximum exposure of the ZIF-67 nano-porous 
sites. Laser sintering was used to fabricate porous structures with additional macro-pores and controlled cavities 
to increase the surface area. The laser-sintered ZIF67-PA12 part at only 2.6% wt ZIF-67 concentration exhibited a 
CO2 capacity of 3.02 and 4.89 cm3/g at 298 K and 273 K at 1 bar. This in-situ synthesis method of making ZIF67- 
PA12 powders combined with the design freedom and the ease of fabrication of parts opens opportunities in a 
wider range of applications for MOFs such as energy storage and conversion.   

1. Introduction 

Additive Manufacturing (AM), also known as 3D Printing, has 
expanded significantly over the last couple of decades across many 
sectors due to a number of key advantages that traditional 
manufacturing cannot offer: geometrical complexity, tool-less manu-
facture and sustainable manufacturing. Current polymeric AM covers a 
wide range of technologies such as Freeform Form Fabrication (FFF), 
Powder Bed Fusion (PBF), Direct Ink Writing (DIW) and photo-
polymerization (stereolithography) [1]. 

A significant part of polymeric AM research is focused on the 
development of polymers for improved mechanical performance [2–6]. 
The use of AM for functionality such as carbon capture and gas storage 
devices [7,8], solar cells and photocatalytic reactors [9,10], and elec-
trochemical energy storage devices (eg. lithium-ion batteries and 
supercapacitors) [11,12], has received little attention and has seen little 
development [13–16]. 

The family of metal organic frameworks (MOFs) is one of the most 
exciting and fast-developing group of organic-inorganic hybrid nano-
materials that have been studied in the last decade due to their great 
versatility in chemistry with a large variety of porous structures appli-
cable in various temperature ranges and solvent types [17,18]. MOFs are 

typically crystalline solids. Many energy applications will benefit if the 
MOFs could be anchored onto a proper support without damaging their 
unique properties. As a special family of MOFs, the zeolitic imidazolate 
frameworks (ZIFs) consist of transition metal cations and imidazolate 
ligands with a well-defined and tunable morphology [19]. For example, 
ZIF-67 consists of metal ions Co2+ and organic ligand 2-Methylimidazole 
(MIM). The Co2+ coordinating clusters, also known as secondary 
building units, are linked with MIM to form a unit cell. Its structure has a 
cubic crystal symmetry [20]. Thanks to its abundant active sites and 
highly stable structure (i.e. degradation starts at 420 ◦C in nitrogen), 
ZIF-67 has been studied for many applications, including catalysis, gas 
adsorption, molecular separation and so on [20]. 

In order to uncover MOFs’ potential, various AM techniques have 
recently been tried for building MOF-enhanced polymeric composite 
components, in the hope that the AM processing could result in added 
benefits of desired shape and geometry, enlarged surface area, and 
enhanced porosity for the support polymer, hence improved component 
performance. As such, Freeform Form Fabrication has been applied to 
fabricate MOF-polymer devices [21,22]. For example, 1%, 5% and 10% 
MOF-5 and acrylonitrile butadiene styrene (ABS) were first solvent cast, 
melt compounded, and then extruded to form filament feeding mate-
rials. The obtained filament was used for printing parts for hydrogen 
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(H2) storage application [21]. The H2 capacity of printed material 
ABS-10%MOF-5 was measured to be only 1.15 times higher than that of 
the pure ABS. The approach has some limitations as the dispersion of 
MOF-5 into the ABS matrix might not be uniform and the majority of the 
pores in MOF-5 could be blocked due to the nanomaterial’s encapsula-
tion into the molten polymer. The SEM cross-section images of the 
printed part confirmed that although some of MOF-5 crystals are visible, 
a significant amount is embedded into the ABS matrix. 

Other studies have reported using direct ink writing to fabricate 
porous structured MOFs-based parts [23,24]. However, in the studies, 
MOFs fillers and polymer were mechanically mixed to form inks before 
printing. The dispersion of MOFs in the polymer matrix is concerned, as 
mechanical mixing generally lead to the nanofiller agglomeration, and 
thus weaken the parts performance. 

Powder Bed Fusion process is an alternative AM method to Freeform 
Form Fabrication technology which allows fabrication of MOF-polymer 
parts [25,26]. Recently, Lahtinen et al. reported using a dry-mix powder 
of 10 wt% MOF copper (II) benzene-1,3,5-tricarboxylate (HKUST-1) and 
PA12. This mixed powder was laser sintered to form solid disks for CO2 
adsorption application [25]. Based on a TG/DSC analyser, the CO2 flow 
results showed that CO2 increased roughly 0.6 wt% and 6 wt% for the 
printed part containing 10 wt% HKUST-1 and the bulk HKUST-1 pow-
der, respectively. It seems that the dry-mix powder preparation method 
and laser sintering process did not negatively affect the activity of the 
HKUST-1. However, one should consider the results carefully, since 
TG/DSC analyzer is a bulk CO2 capacity measurement and the as-printed 
solid disk structure obviously blocks the HKUST-1 crystals into the PA12 
matrix. In addition, this dry-mix powder preparation method cannot 
achieve uniform nanofiller dispersion, and the handling of nanoparticles 
needs to be considered at a larger scale. 

In the present study, for the first time, an in-situ hydrothermal syn-
thesis method has been applied to form directly ZIF67-PA12 nano-
composite powders, where ZIF-67 crystals grow uniformly on the 
surface of PA12 polymeric particle. ZIF-67 was selected in this study due 
to its ability to adsorb CO2 molecules and facile synthesis method to be 
prepared [20,27]. The paper considers particle size distribution and 

flowability of the new ZIF67-PA12 powders to confirm their process-
ability in powder bed fusion process. Functional parts with a porous 
structure have been successfully laser sintered by using the prepared 
feedstock materials. CO2 adsorption performance of laser-sintered 
porous parts has been measured. The laser sintered porous lattice 
structure containing 2.6 wt% ZIF-67 crystals, achieved a CO2 adsorption 
capacity of 3.02 cm3/g at 298 K and 1 bar, a superior CO2 adsorption 
performance when compared to literature [25]. 

2. Experimental 

2.1. Materials 

The commercial laser sintering grade PA2200 (Polyamide 12, PA12, 
or Nylon12) powder (Mw = 29,000) was purchased from EOS Gmbh; 2- 
Methylimidazole (MIM) and cobalt nitrate hexahydrate (Co 
(NO3)2⋅6H2O) were purchased from Sigma-Aldrich. 

2.2. Material preparation 

2-Methylimidazole (MIM) was first dissolved in 1.5 L distilled water. 
500 g of PA12 powder (PA2200) was then added into that MIM aqueous 
solution. The solution was gently mixed. Cobalt nitrate hexahydrate was 
added upon continuous mixing for 24 h. The final powders were 
collected using filtering, washing followed by drying in the oven at 80 ◦C 
overnight. 

The method to synthesis ZIF-67 is based on previous study [28,29]. 
The study calculated a synthesis yield of 66% which in equated to a 
theoretical value of 0.1, 1 and 2 wt% of ZIF-67 into PA12 powder, 
referred as 0.1%ZIF67-PA12, 1%ZIF67-PA12, and 2%ZIF67-PA12, 
respectively. For comparison, 2 wt% ZIF67 was dry mixed with PA12 
powder and used as a reference sample, referred to as 2%ZIF67-PA12 
dry-mix powder. 

Fig. 1. CAD models of laser sintered samples (a-b) porous lattice structure (c) solid structure using 2%ZIF67-PA12 powder.  

Fig. 2. Schematic diagram of (1) the preparation of ZIF67-PA12 nanocomposite powders; (2) laser sintering of the prepared powders into porous part; (3) CO2 
capture application of laser-sintered part. 
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2.3. Powder bed fusion process 

A Sharebot Snowwhite system using a CO2 laser was applied to laser 
sinter the prepared powders. The process parameters were set at 4.2 W 
power, 2400 mm/s laser speed, the hatching distance is 0.1 mm and the 
process temperature is 185 ◦C with 20 warming layers. Energy density 
was calculated to be 0.018 J/mm2. 

It is known that the AM process has the ability to create complex 
structures, intricate internal features with internal cavities through 
design and manufacture and to fabricate macro-porous structures by 
controlling the manufacturing settings. Low energy density values 
would lead to more porous structures. Here we took advantages of these 
unique characteristics of the laser sintering process to enhance further 
the porosity by keeping the ZIF-67 crystals exposed on the surface of 
PA12 and increasing the surface area through design. Solid 5 mm * 5 mm 
* 5 mm cubes and porous lattice cubes were created in CAD and then 
laser sintered as shown in Fig. 1. 

2.4. Double coating process 

A dip coating method was also used to increase the amount of ZIF-67 
crystals on the surface of laser sintered 2%ZIF67-PA12 porous part. The 
laser sintered 2%ZIF67-PA12 porous part was dipped into a solvent 
containing MIM and cobalt nitrate for ZIF-67 coating. After 3 h, the 
dipped part was taken out for dry. 

2.5. Overall manufacturing process 

Fig. 2 describes the entire process from powder functionalization 
through to part formation. It covers: (1) in-situ synthesis of nano-
composite powders; (2) laser sintering of powders with porous structure; 
and (3) CO2 capture performance of laser-sintered part. 

2.6. Material characterisation 

2.6.1. Powder analysis 
The particle size distribution (PSD) of powders was measured using a 

Microtrac Sync analyser. The particle size was determined by the in-
tensity of scattered light. Around 4000–6000 particles were captured 
and analysed in each measurement. Three measurements were repeated 
for each material. 

A Freeman FT-4 powder rheometer was used to assess powder flow 
properties. Dynamic properties such as Basic Flow Energy (BFE), Spe-
cific Energy (SE) and Stability Index (SI) were obtained from the com-
bined stability and variable flow rate test. BFE was measured during the 
downward blade movement. It provides information of flowability, 
regarding the difficulty of displacing the powder. The SE was measured 

by lifting the powder from the bottom of the vessel to the top in an 
unconfined state. In addition, the bulk property Conditioned Bulk 
Density (CBD) was obtained from the split mass after conditioning 
divided by sample volume. 

2.6.2. X-ray diffraction (XRD) 
X-ray diffraction (XRD) patterns of powdered samples were recorded 

with a Cu Kα radiation (40 kV-40 mA) at a step time of 1 s and a step size 
of 0.02◦. 

2.6.3. Thermal analysis 
Thermogravimetric analysis (TGA) was performed using a Mettler 

Toledo TGA/DSC1 STARe system. Samples were heated from room 
temperature to 800 ◦C under a continuous nitrogen flow at a rate of 
100 ml min− 1. Differential scanning calorimetry (DSC) was carried out 
using a Mettler Toledo DSC 1 STARe system to measure melting, crys-
tallisation and glass transition temperatures. Nitrogen with a flow rate of 
50 ml min− 1 was used during the measurement process. The samples 
were heated in DSC from 25 ◦C to 250 ◦C with a heating rate of 
10 ◦C min− 1, and then cooled from 250 ◦C to 25 ◦C with a heating rate of 
10 ◦C min− 1. Three repeats of each sample were carried out. The eval-
uation of the thermal properties has been analysed by using the STARe 
package software. 

2.6.4. Scanning electron microscopy (SEM) 
SEM images were recorded using a Nova Nanolab 600 scanning 

electron microscope in a high vacuum mode, at an acceleration voltage 
of 20 kV. Both powders and printed samples were coated with a 10 nm- 
thick Au layer before taking SEM. 

2.6.5. Surface area of prepared powders 
Surface area of powders were measured by a Quantachrome 

Autosorb-iQ gas sorptometer and calculated via Brunauer-Emmett- 
Teller (BET) method based on adsorption data in the partial pressure 
(P/Po) range of 0.05–0.20. The total pore volume was determined from 
the amount of nitrogen adsorbed at P/Po of ca. 0.99. 

2.6.6. Micro-CT 
Micro-CT was applied to investigate the 3D structure of the laser- 

sintered parts. 2%ZIF67-PA12 porous part was scanned using X-Tek 
Bench top CT 160 Xi (X-Tek Systems Ltd/Nikon Metrology UK Ltd, En-
gland) with a voltage of 65 kV, current of 75 μA, exposure time of 
354 ms, 1200 projection and 360◦ rotation. The CT data was then ana-
lysed by using VGStudioMAX software. 

2.6.7. Compressive test 
Compressive testing experiments of PA12 solid part and 2ZIF67- 

Fig. 3. (a) XRD patterns and (b) particle size distributions of the as-synthesised ZIF67-PA12 nanocomposites.  
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PA12 solid part were performed using a LLOYD instrument EZ20 me-
chanical testing machine at room temperature. The dimension of the 
compression test specimens is 5 mm * 5 mm * 5 mm. The testing speed 
was 0.2 mm min− 1 and the compress depth was set as 4 mm. The stress 
(MPa) and compressive strain (%) were then evaluated. 

2.6.8. CO2 adsorption test 
CO2 gas adsorption capacities were investigated on a Quantachrome 

Autosorb-iQ gas sorptometer by using the conventional static volumetric 
technique. Prior to the gas adsorption analysis, the samples were evac-
uated at 120 ◦C for 2 h under vacuum, then the CO2 uptake measure-
ments were carried out at 0 and 25 ◦C (273 and 298 K). 

3. Results and discussion 

3.1. Characterisation of PA12 and ZIF67-PA12 powders 

The crystalline structure of MOFs on the surface of PA12 powders 
was measured by XRD (shown in Fig. 3a). The XRD pattern of the syn-
thesised ZIF-67 shows the typical peaks of ZIF-67, which are consistent 

to the literature [28]. Its narrow and strong peaks also indicate the high 
crystallinity of ZIF-67. Apart from the 0.1%ZIF67-PA12, other 
ZIF67-PA12 powders have the same XRD peaks as ZIF-67, which means 
ZIF-67 crystals have been formed through the in-situ method. No 
obvious XRD patterns of ZIF-67 were observed from the powder 0.1% 
ZIF67-PA12, this is probably due to the small amount of ZIF-67 (0.1 wt 
%) in the sample. As a result, XRD patterns confirm the successful for-
mation of ZIF-67 crystals in ZIF67-PA12 powders, without the damage 
of PA12 crystalline structures that show characteristic XRD peaks in the 
2θ range of 20–23◦. Fig. 3b shows the particle size distribution (PSD) of 
the plain PA12 and ZIF67-PA12 powders, and Table 1 provides their PSD 
characteristic parameters. A slight increase of approx. 0.6–0.7 µm in the 
PSD results were found between each grade of powders. It can be 
concluded that synthesis process of ZIF67-PA12 powders has a negli-
gible influence on the PSD. 

The SEM helps to observe the morphology of the prepared powders.  
Fig. 4a and b show the SEM images of plain PA12 powders. The surface 
of the PA12 particles is not very smooth which can influence the growth 
of the ZIF-67 crystals. For 0.1%ZIF67-PA12, the shape of ZIF-67 crystals 
appears to be cubic; ZIF-67 does not cover the whole surface of PA12 
(Fig. S1). In the case of 1%ZIF67-PA12, the shape of ZIF-67 crystals is 
irregular and the size of ZIF-67 crystals becomes larger, but still cannot 
cover the whole PA12 surface (Fig. S2). While for 2%ZIF67-PA12, the 
ZIF-67 crystals nearly cover the whole PA12 particle surface (Fig. 4c and 
d). The energy-dispersive X-ray spectroscopy (EDS) of 2%ZIF-67-PA12 
shows a good dispersion of the ZIF-67 crystals (Fig. 5). These SEM im-
ages confirm that ZIF-67 crystals have been successfully grown on the 
surface of PA12 particles in all ZIF67-PA12 samples. 

DSC was used to identify any changes in the process temperature 
induced by the presence of the ZIF-67 [30]. The DSC curves of plain 

Table 1 
The PSD characteristic parameters of plain PA12 and as-synthesised ZIF67-PA12 
nanocomposites.   

D10 (μm) D50 (μm) D90 (μm) 

PA12  41.31 ± 0.24  57.10 ± 0.16  79.27 ± 0.20 
0.1%ZIF67-PA12  41.23 ± 0.12  57.13 ± 0.03  79.35 ± 0.08 
1%ZIF67-PA12  41.39 ± 0.10  57.25 ± 0.08  79.39 ± 0.29 
2%ZIF67-PA12  42.11 ± 0.17  57.88 ± 0.14  79.93 ± 0.24  

Fig. 4. SEM images of (a-b) plain PA12 powder, and (c-d) 2%ZIF67-PA12 powder. Fig. 4d shows a uniform and a high level of the ZIF-67 crystals being formed on the 
surface of PA12 particles. 
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PA12 and ZIF67-PA12 powders are shown in Fig. 6a and their onset 
melting and onset crystallisation temperatures are listed in Table 2. The 
super-cooling window for laser sintering is a temperature range between 
the onset melting and onset crystallisation temperature. All the 
ZIF67-PA12 powders displayed a narrower super-cooling window in 
comparison with the plain PA12 powder. The crystallisation tempera-
ture of the 0.1%ZIF67-PA12, 1%ZIF67-PA12, and 2%ZIF67-PA12 pow-
der are changeable to plain PA12, suggesting that ZIF-67 crystals affect 
the PA12 crystallisation. Fig. 6b shows the % crystallisation over time 
for plain PA12 and ZIF67-PA12 powders. It can be found that a lower 
loading of ZIF-67 (0.1%ZIF67-PA12 and 1%ZIF67-PA12) speeds up the 
crystallisation rate; while a higher loading of ZIF-67 (2%ZIF67-PA12) 
slows down the crystallisation rate. ZIF-67 crystals in low amount plays 
as a nucleation point to facilitate polymer crystallisation, while ZIF-67 
crystals in high amount could retard the diffusion and rearrangement 
of the PA polymer chains, therefore leading to the decrease of crystal-
lisation. This observation is important for the powder bed fusion pro-
cess. The lower crystallisation rate is beneficial for laser sintering, 
because it is helpful to the adhesion between each laser sintered layer 
and it could also reduce the layer curling under the powder bed tem-
perature during the process. 

TGA is used to determine the thermal stability of ZIF67-PA12 pow-
ders. As shown in Fig. 6c inset, all powders are thermally stable with a 
slight loss of weight between 25 and 200 ◦C possibly induced by the 
drying of composite powder, suggesting that the ZIF67-PA12 powder is 
suitable for powder bed fusion process. When plotting the 1st derivative 

of the TGA thermograms of 2%ZIF67-PA12 and reference 2%ZIF67- 
PA12 dry-mix powders (shown in Fig. 6d), it was noticed that the peak of 
the in-situ synthesised 2%ZIF67-PA12 is 13 ◦C higher than that of the 
dry-mix powder, suggesting that the in-situ synthesised 2%ZIF67-PA12 
powder is more stable than the plain polymer itself. This could be the 
result of some chemical interactions between ZIF-67 crystals and PA12 
particle. The AFM nano-mechanical scratch test (Fig. S3) revealed a 
force of 1.5–3.0 µN required for removing ZIF-67 crystals from the 
surface of PA12 particles, suggesting the presence of strong interaction 
between ZIF-67 and PA12. It has been reported that a surface containing 
carboxylic acid groups could coordinatively bind metal cations in so-
lution phase, and could help the nucleation and crystal growth of MOFs 
[31,32]. In our study, it is possible that the terminal carboxylate group 
on the surface of PA12 particle interacts with the Co2+ ions in the sol-
vent, and initiate the nucleation and growth of ZIF-67. This proposed 
formation mechanism of ZIF-67 could explain the above TGA and AFM 
results. 

TGA test was also used to determine the real weight of ZIF-67 in the 
prepared ZIF67-PA12 powders. Based on the residual weight percentage 
at 750 ◦C, the TGA tests revealed a measured 2.6 wt% ZIF-67 content on 
the theoretically determined 2 wt% ZIF67-PA12 powder (through the 
synthesis process). In the case of the theoretically determined 1 wt% 
content of ZIF67 in ZIF67-PA12, the TGA results had a measured value 
of 1.4 wt% ZIF67 in ZIF67-PA12 and for the 0.1 wt% ZIF-67, the TGA 
data revealed a similar measured wt%. 

Powder flowability is an important factor of laser sintering. The 

Fig. 5. (a) Energy-dispersive X-ray spectroscopy of 2%ZIF67-PA12 powder, with its elemental mapping of (b) C, (c) O and (d) Co element.  
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powder flow characteristics of the in-situ synthesised ZIF67-PA12 were 
measured and listed in Table 3. The plain PA12 had been tested for 
comparison purposes. The plain PA12 has the highest Basic Flow Energy 
(BFE) value of 208.18 mJ among all the powders, suggesting that it 
needs the highest energy to displace the powder in a confined envi-
ronment under rotation. The addition of ZIF-67 crystals on the PA12 
particle surface decreases the BFE value from 146.29 mJ of 0.1%ZIF67- 
PA12 to 118.64 mJ of 2%ZIF67-PA12. This means ZIF-67 coating is 
beneficial to decrease energy for the displacement of powders. The SE 
values have the similar trend to BFE values. Plain PA12 requires energy 
of 6.61 mJ/g to lift the particles in a low-stress environment; while 0.1% 
ZIF67-PA12, 1%ZIF67-PA12, and 2%ZIF67-PA12 needs less energy of 

5.11, 3.89 and 3.50 mJ/g, respectively. Both the decrease of values of 
BFE and SE can be attributed to the surface change of the ZIF67-PA12 
particles. As ZIF-67 has been reported to have a promising anti-wear 
property, the presence of ZIF-67 is helpful to reduce the powder flow 
energy [33]. 

It can be noticed that there is a slight increase of Conditioned Bulk 
Density (CBD) value with the increase of ZIF-67 amount, which means 
that 2%ZIF67-PA12 has a higher packing density. The bulk density of 
ZIF-67 is about 0.35 g/cm3, it is possible that the presence of ZIF-67 on 
the surface increase the density of the particles and it allows better 
compaction of the powder as well. The CBD values also indicate that the 
particle sizes amongst the powder grades remained similar, which is 
consistent with the PSD results. The stability index (SI) shows no change 

Fig. 6. (a) DSC curves of endothermic and exothermic phase changes during a heating and cooling cycle at 10 ◦C min− 1 for plain PA12 and ZIF67-PA12 powders, 
showing the shifted melting and crystallisation peaks under various amounts of ZIF-67 crystals; (b) Relative crystallinity vs time of plain PA12 and ZIF67-PA12 
powders, showing the effect of ZIF-67 on the rate of PA12 crystallization; (c) TGA curves of plain PA12 and ZIF67-PA12 powders, inset is the zoomed in image; 
(d) the 1st derivative of a TGA thermograms for 2%ZIF67-PA12 and 2%ZIF67-PA12 dry-mix powder, showing a 13 ◦C difference in the degradation point. 

Table 2 
DSC and TGA results for PA and ZIF67-PA12 powders.  

Material Tm 

(◦C) 
Tm onset 

(◦C) 
Tc (◦C) Tc onset 

(◦C) 
Tdeg 

(◦C) 
Residual 
weight (%) 

PA12  185.77  180.78  149.76  153.54  442  2.91 
0.1% 

ZIF67- 
PA12  

185.03  179.68  151.32  154.24  446  2.94 

1%ZIF67- 
PA12  

183.52  177.43  151.47  153.80  460  3.67 

2%ZIF67- 
PA12  

184.94  175.11  149.51  153.81  464  4.31 

Tm is melting temperature; Tm onset is onset melting temperature; Tc is crystal-
lisation temperature and Tc onset is onset crystallisation temperature; Tdeg is 
thermal degradation temperature. 

Table 3 
Powder rheology results of plain PA12 and ZIF67-PA12 powders.  

Material Basis Flow 
Energy (BFE) 
(mJ) 

Stability 
Index (SI) 

Specific 
Energy (SE) 
(mJ/g) 

Conditioned 
Bulk Density 
(CBD) (g/ml) 

PA12  208.18 ± 3.85  0.93 ± 0.03  6.61 ± 0.12  0.47 ± 0.001 
0.1% 

ZIF67- 
PA12  

146.29 ± 4.52  0.95 ± 0.04  5.11 ± 0.21  0.46 ± 0.001 

1% 
ZIF67- 
PA12  

124.03 ± 0.54  0.94 ± 0.02  3.89 ± 0.02  0.49 ± 0.001 

2% 
ZIF67- 
PA12  

118.64 ± 4.04  0.93 ± 0.01  3.50 ± 0.06  0.53 ± 0.004  
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amongst the four powders, a sign that the tested powders are stable and 
can be repeatedly used. 

The textural properties of ZIF67-PA12 composite powders were 

obtained from nitrogen adsorption–desorption measurement. As shown 
in Fig. 7, the nitrogen sorption of plain PA12 powder is lower than that 
of ZIF67-PA12 composite powders. All powders show that their 
adsorption and desorption branches are reversible with a hysteresis 
loop, indicating the presence of particle gaps or voids within the pow-
ders. The presence of ZIF-67 crystals on the surface of PA12 particles 
increases the surface area of the ZIF67-PA12 powders from a value of 
12.1 for PA12 powder to 68.2 m2/g in the case of 2%ZIF67-PA12. PA12 
powder is non-porous therefore its surface area is low; while ZIF-67 
crystal is a nano-porous material with a surface area of 1600 m2/g 
(shown in Fig. S4 and S5). 

3.2. Characterisation of laser-sintered parts 

The as-printed solid and porous lattice structure are presented in  
Fig. 8. The colour of both as-printed parts is purple, due to the presence 

Fig. 7. Nitrogen sorption isotherms for plain PA12 powder and 2%ZIF67- 
PA12 powder. 

Fig. 8. The as printed (a-b) solid, (c-d) porous lattice structure, and (e-f) other mesh-like structures.  

Table 4 
Comparison of designed and measured dimension of the 2%ZIF67-PA12 solid 
part presented in Fig. 1c.   

X (mm) Y (mm) Z (mm) 

Designed 5 5 5 
Measured Sample No. 1 5.29 ± 0.02 5.24 ± 0.08 5.24 ± 0.02 
Measured Sample No. 2 5.24 ± 0.03 5.34 ± 0.03 5.19 ± 0.03  
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of ZIF-67. The as-printed parts have recorded some level of distortion 
when compared with the CAD design (shown in Fig. 1). It was found that 
the printed part is bigger in size by a range of 0.19–0.34 mm. The results 
are presented in Table 4. In addition, other mesh-like structures, only 
three-layer thick, were also successfully fabricated and are shown in 
Fig. 8e and f. The size of the mesh is 20 mm * 20 mm * 0.3 mm with 
uniformly distributed square holes in the dimensions of 2 mm * 2 mm 
and 3 mm * 3 mm. These additional structures shown in Fig. 8e and f are 
used here only for demonstration, the solid and porous cubes were used 
for further characterisation and testing. 

Micro-CT was employed to investigate the 3D structure of 2%ZIF67- 
PA12 porous part. Fig. 9a shows the 3D reconstruction of the 2%ZIF67- 
PA12 porous part, and Fig. 9b to d shows its 2D image view in xy-plane, 
yz-plane, and zx-plane, respectively. In the 2D images, the black areas 
represent pores in the structure, while the bright areas represent the 
dense part of the structure, including PA12 and ZIF-67. The designed 
large cubic built within the structure with connected channels are 
clearly shown in these 2D images. In addition, the small black dots 
shown in Fig. 9b to d suggest the presence of small pores through the 
part. The zoomed in CT images (shown in Fig. S6 and S7) also support 
the presence of small pores through the 2%ZIF67-PA12 porous part. As a 
result, these macropores from the structure and micropores from ZIF-67 
crystals both contribute the hierarchical porous lattice structure. 

The 2%ZIF67-PA12 porous structures was also examined by SEM 
presented in Fig. 10. The surface of the printed part in the vicinity of the 
pore area is shown in Fig. 10a and high magnification regions of the 
printed surface, clearly showing the presence of ZIF-67 across the sur-
face, are included in Fig. 10b and c. In addition, the energy-dispersive X- 
ray spectroscopy of 2%ZIF-67-PA12 porous part shows a good disper-
sion of the ZIF-67 crystals (Fig. 10d and e). The reason for such a good 
coverage of the printed part with ZIF-67 lays within the in-situ synthesis 
process combined with the powder bed fusion process itself. At the end 
of the printing process, the final printed layers (in a semi-molten state) 
get covered with fresh layers of powder hence the printed part ends up 
with a layer of semi sintered particles which gives the part the well- 
known rough surface finish with ZIF-67 exposure. 

The powder bed process employed a CO2 laser, known to allow a 
good absorption of polymeric materials such as PA12. From the litera-
ture [26], it has been reported that the FTIR in-plane bending vibrations 
and stretching vibrations of the imidazole rings in ZIF-67 are present at 

approx. 1000 cm− 1 wavenumbers, which is well within the radiation 
band of the CO2 laser, indicating that ZIF-67 can be effectively absorb 
the CO2 laser energy [26]. Fracture surface SEM images revealed a 
combination of ductile regions and some porous areas (see Fig. S8). 

The mechanical performance of PA12 solid part and 2%ZIF67-PA12 
solid part was evaluated through a compression test. As can be seen in  
Fig. 11, the addition of ZIF-67 leads to a big reduction in stress from 
approx. 95 MPa to 30 Mpa when compared to the plain PA12. Fig. 11 
inset shows the compressed structures of both parts after the test, where 
the compressed 2%ZIF67-PA12 solid part has a more disorder structure 
than PA12. The possible reason could be that the addition of ZIF-67 
changed the polymer melt flow characteristics, and slowed down the 
particle coalescence, further weaken the particle-particle bonding. 
However, this issue can be solved by increasing the energy density. The 
intension here is not to optimise the mechanical performance but to 
show that the powder bed fusion process can be used as a manufacturing 
process to build up a hierarchical structure scaffold for MOFs, which will 
ultimately allow to use MOFs in a wider range of applications. 

MOFs can act as solid adsorbents for CO2 capture due to their high 
porosity and rich functionality [34,35]. For this reason, the CO2 capacity 
of the ZIF67-PA12 laser sintered parts was tested, and the results are 
summarised in Fig. 12 and Table 5. The CO2 adsorption performance 
from the literature was also compared in Table 5. The data confirms that 
by designing a part with increased surface area through the addition of 
the lattice structure, the number of ZIF-67 active sites are increased, and 
thus the CO2 absorption is significantly improved. To the best of our 
knowledge, there is only one paper available presenting the 
laser-sintering of MOF-polymer composite powders for CO2 adsorption. 
10 wt% MOF (HKUST-1)-PA12 dry-mixed powders were laser sintered 
as solid disks (MOF/N12) with a CO2 capacity of 3.05 cm3/g at 298 K 
and 1 bar [25]. 

Apart from using laser sintering technology, other methods were 
used from the literature to fabricate simple structures for CO2 adsorp-
tion. Hong et al. reported that they used by a paste extrusion technique 
to fabricate a MIL-101 (Cr) monolith using bentonite clay as a binder, 
where the weight percentage of MIL101 (Cr) is as high as 75%. Its 
maximum CO2 capacity is 11.2 cm3/g at 298 K and 1 bar (Table 5) [36]. 
Chang et al. applied a wet granulation method to prepare 
millimetre-scale spheres of MIL-101 (Cr) and UiO-66 (Zr), using meso-
porous γ-alumina as a binder [37]. The weight percentage of MOFs is as 

Fig. 9. (a) Micro-CT 3D image of 2%ZIF-67-PA12 porous part, and its 2D image view in (b) xy-plane, (c) yz-plane, (d) zx-plane.  
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high as 95%. The maximum CO2 capacity at 298 K and 1 bar can be 
achieved to 60 and 25 cm3/g, respectively. However, these two methods 
mentioned above cannot fabricate complex structure using laser 
sintering. 

3.3. Double coating process 

In general, a higher ZIF-67 content in a composite powder results in a 
higher CO2 capacity. For this in-situ method of fabrication of powders 
and manufacture of printed parts, higher concentrations of ZIF-67 were 

also explored. A 5 wt% ZIF67-PA12 powder was also prepared but its 
spreadability and processability within the powder bed was extremely 
poor and had to be abandoned. However, in an attempt to increase 
further the amount of ZIF-67 crystals available on the surface, a dip 
coating method was applied. The laser sintered 2%ZIF67-PA12 porous 
part was dipped in the ZIF-67 precursor solution and allowed to form 
further crystals. The SEM images in Fig. 13 shows that a second layer of 
ZIF-67 crystals was formed on the surface of the printed part already 
presenting a layer of ZIF-67 crystals. 

In spite of an increased number of crystal sites, surprisingly, the CO2 

Fig. 10. SEM images of 2%ZIF67-PA12 laser-sintered porous part under (a-b) low and (c) high magnification, and (d-e) their corresponding energy-dispersive X-ray 
spectroscopy. Figs. 10c-e show that the ZIF-67 crystals are well dispersed and exposed on the surface of the laser-sintered part. 
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capacity value of the dipped part at 298 K at 1 bar was only 2.76. At this 
stage, it is not clear why this value was not significantly higher as ex-
pected. This could be due to the blockage of the active sites in the first 
ZIF-67 layer, which resulted in exposure of more or less the same surface 
area but this time in the second layer, therefore maintaining the same 
CO2 capacity. As it can be seen in Figs. 10 and 13, the first layer of ZIF-67 
built in through the in-situ hydrothermal synthesis straight onto the 
polymeric particles has the advantage of having the ZIF-67 crystals 
partially embedded in the polymer structure, hence giving the structure 
the necessary robustness and ease to use. It is not clear how well the 
second layer is attached and whether would be easy to handle as a 
structure. Further research is required to understand the benefits of the 
second layer, its optimisation and even addition of a different type of 
MOFs as the second layer. 

4. Conclusions and outlook 

An in-situ hydrothermal synthesis method has been successfully 
applied on the formation of ZIF67-PA12 nanocomposite powder, where 
ZIF-67 crystals grow on the surface of PA12 polymeric particle. A series 

of characterisation techniques including particle size distribution, 
powder rheology test and thermal analysis were measured and 
confirmed the processibility of ZIF67-PA12 powders for powder bed 
fusion process. Among the laser sintered parts, 2%ZIF67-PA12 porous 
part exhibited the highest CO2 capacity of 3.02 and 4.89 cm3/g at 298 K 
and 273 K at 1 bar, respectively. This high CO2 adsorption performance 
could be due to: a good dispersion of ZIF-67 crystals throughout the 
polymer matrix by using in-situ synthesis method; and sufficient 
exposed ZIF-67 sites for CO2 adsorption by using the design of a porous 
lattice laser-sintered structure. 

The ability to easily laser sinter MOFs composite powders into 
complex structures will speed up the adoption of MOFs in existing and 
new applications. MOFs are used for holding toxic gases into gas storage 
cylinders, such as NuMat’s ION-X cylinders [38] and are being looked at 
for a wide range of other applications [39]. One can imagine fabrication 
of complex lattice structures of controlled pore shapes and sizes, or films 
with well define surface features to enhance even further the unique 
properties of MOFs – all possible through laser sintering. For example, 
TPU laser sintering is currently used for fabrication of custom shoe soles 
for comfort and flexibility [40]. MOF-TPU powders, with MOFs acting as 
a source of antimicrobial agent could create the ideal insoles structure 
for medical and sports footwear. MOF-polymer knitted textiles could 

Fig. 11. Compressive Strain-Stress curves of PA12 solid part and 2%ZIF67- 
PA12 solid part. Inset is the digital image of PA12 solid part (white colour) and 
2%ZIF67-PA12 solid part (purple colour) after the compression test. 

Fig. 12. CO2 adsorption capacities at 298 K for sample PA12 porous part, 0.1% 
ZIF67-PA12 porous part, 1%ZIF67-PA12 porous part, 2%ZIF67-PA12 solid part 
and 2%ZIF67-PA12 porous part. 

Table 5 
Comparison of CO2 adsorption performance between this study and literature.  

Material Fabrication 
method 

Maximum CO2 

capacity (cm3 g− 1) 
Reference 

298 K at 
1 bar 

273 K at 
1 bar 

ZIF-67 powder N/A 20.1 32.3 This 
study 

PA12 porous part Laser sintering 0.40 0.97 This 
study 

2%ZIF67-PA12 porous 
part 

Laser sintering 3.02 4.89 This 
study 

2%ZIF67-PA12 solid 
part 

Laser sintering 2.08 2.81 This 
study 

MOF/N12 disk (10 wt 
% HKUST-1/PA12) 

Laser sintering 3.05 N/A [25] 

MIL-101 (Cr) monolith 
(75 wt% of MIL- 
101) 

Paste extrusion 
technique 

~ 11.2 N/A [36] 

MIL-101 (Cr) spheres 
(95 wt% of MIL- 
101) 

Wet granulation 
method 

~ 60 N/A [37] 

UiO-66 (Zr) spheres 
(95 wt% of UiO-66) 

Wet granulation 
method 

~ 25 N/A [37]  

Fig. 13. SEM image of the surface of double-coated 2%ZIF67-PA12 porous 
part. The highlight the region illustrates the first and second ZIF-67 layer. 
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also form the framework for specialist medical garments. Laser sintered 
filters with a continuous release of antibacterial, delivered through the 
MOFs present on the surface, could improve the air quality in air man-
agement system of building. A porous MOF-polymer structure (shown in  
Fig. 14a) could be built into the blades of air ventilation fans of vacuum 
cleaners or computers and similarly help maintain a cleaner air. The 
example gyroid design in Figs. 14b and c, known to have a high surface 
area to volume ratio, could be used to laser sinter filters of various sizes, 
shapes and pores. 
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