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Abstract
Laser powder bed fusion (LPBF) additive manufacturing is an effective method to 
prepare three-dimensional ordered network titanium dioxide (TiO2) photocatalytic 
materials, therefore enhancing the absorption intensity of incident light and 
improving the photocatalytic efficiency. However, TiO2 is difficult to be directly 
sintered by LPBF due to the high melting point and brittleness. In this study, we 
prepared a polyamide 6 (PA6)-coated TiO2 photocatalytic composite powder for LPBF 
based on the dissolution precipitation polymer coating (DPPC) method and evaluated 
its LPBF processability. In the precipitation process of PA6, there was a significant 
crystallization exotherm with temperature recovery. Effective temperature control of 
this precipitation process had a significant effect on the morphology and particle size 
distribution of the precipitated powder. The increase of the dissolved concentration 
of PA6 to 150 g/L produced an obvious temperature gradient of the reactor, resulting 
in a wide particle size distribution and a powder with a characteristic porous surface. 
The prepared PA6/TiO2 composite powder presents a near-spherical porous-surfaced 
morphology, a high specific surface area of 240.5 m2/kg, an appropriate Dv(50) of 48.8 
μm, and a wide sintering window of 26.6°C, indicating a good LPBF processability 
and potential of the photocatalytic application.

Keywords: Additive manufacturing; Laser powder bed fusion; Photocatalytic material; 
Polyamide 6; Titanium dioxide

1. Introduction
Titanium dioxide (TiO2) photocatalytic materials have the advantages of stable 
chemical properties, good photoelectric characteristics, high catalytic activity, and good 
accessibility[1,2]. These advantages promote their widespread use in the photocatalytic 
degradation of environmental pollutants, self-cleaning, solar cells, and photolysis of 
water for hydrogen production, thus facilitating their broad applications in energy, 
environmental protection, and medical health fields[3-6]. However, TiO2 has the problems 
of the low utilization rate of sunlight and low catalytic efficiency. The electrons in excited 
state and holes can be easily combined, resulting in low photocatalytic reaction efficiency 
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of most photocarriers. This greatly limits the practical 
application range of TiO2 in research and production[5].

From the perspective of material modification, 
different methods have been studied to improve the 
photocatalytic performance of TiO2, such as semiconductor 
compounding, dye sensitization, noble metal deposition, 
and carbon (C) compound modification[7-10]. Among these 
methods, the research on C-modified TiO2 is particularly 
attractive. C-TiO2 composite can increase the specific 
surface area of the material, which is conducive to the 
adsorption of reactive species and the occurrence of 
catalytic reactions. The composite of C-TiO2 can also make 
the photogenerated carrier electrons transfer to C and 
reduce the recombination of photogenerated electrons and 
photogenerated hole pairs, thereby improving the catalytic 
efficiency.

From the perspective of structural design, the 
researchers proposed to prepare a porous TiO2 
photocatalytic material to provide a three-dimensional 
(3D) network structure with a large specific surface 
area, which is beneficial to improve the photocatalytic 
efficiency and also provides a way for the rapid transfer 
of photogenerated electrons and holes to reduce their 
recombination probability[11]. Furthermore, the 3D porous 
structure is beneficial to generate light scattering channels 
and enhance the absorption of incident light. At present, 
the preparation of 3D TiO2 structure mainly adopts ionic 
liquid, nickel foam, and template methods[12-14]. The 
prepared 3D porous photocatalytic materials usually have 
disordered structures, unavoidable structural defects, 
and poor experimental repeatability, which are the main 
limitations restricting their applications[15].

Laser powder bed fusion (LPBF) additive manufacturing 
is an effective technique for fabricating 3D ordered porous 
photocatalytic materials[6,16-19], which provides a new 
idea for solving the problems existing in traditional TiO2 
photocatalytic materials. LPBF also provides an effective 
technical means for the preparation of ordered porous 
structures with controllable and repeatable photocatalytic 
properties[20-22]. Although additive manufacturing has 
significant advantages in the fabrication of complex ordered 
structures, its application in the field of photocatalysis 
is very limited. In this paper, a new polyamide 6 (PA6)-
coated TiO2 composite porous material is prepared for 
LPBF using the dissolution precipitation polymer coating 
(DPPC) method. As a polymer material, PA6 provides a 
carbon source for the carbonization preparation of C-TiO2 
porous photocatalytic material. Carbon-complexed porous 
TiO2 can increase the efficiency of photogenerated carrier 
separation and thus improve the photocatalytic efficiency. 
However, the DPPC method for PA6 and its TiO2 

composite powders has not been studied in-depth. How to 
regulate the DPPC process parameters, control the porous 
morphology and size distribution of precipitated powders, 
and prepare PA6/TiO2 composite porous powders suitable 
for LPBF warrants some in-depth investigations.

2. Experimental section
2.1. Materials preparation

Commercial PA6 granules with the trade name Zytel 7331J 
were obtained from Dupont, USA. P25 type  TiO2 was 
a highly dispersed gas phase nanoparticle produced by 
Degussa Company in Germany. The reaction kettle with 
the capacity of 10 L was used for DPPC powder preparation 
(Figure 1A), which mainly includes the reaction unit and 
its temperature control unit. The schematic of the DPPC 
method is shown in Figure 1B. First, the reaction kettle was 
heated to 150°C for 2  h to ensure that the PA6 granules 
were completely dissolved in a high-temperature and 
high-pressure alcohol solvent. Afterward, the solution was 
cooled, and the cooling conditions were controlled so that 
the PA6 macromolecules were uniformly precipitated to 
realize the nucleation and the coating of TiO2. The stirring 
speed was 300 rpm. Finally, the reactor was cooled to room 
temperature. After discharge, vacuum filtration, drying, 
and ball milling, the powder materials can be obtained.

2.2. Characterization

The powder morphology and element mapping were 
carried out by environmental scanning electron microscope 
(ESEM, FEI Instrument, Netherlands), electron probe 
microanalyzer 8050 g, SHIMADZU, Japan, and WDS. The 
specimens were vacuum-coated with platinum for 300 s to 
avoid charging. The morphology and crystalline structure 
of nano-TiO2 were analyzed by field emission transmission 
electron microscope (TEM, Talos F200X, FEI Instrument, 
Netherlands) using high resolution TEM (HRTEM) and 
selected area electron diffraction modes. The particle size 
distributions of PA6 and composites powers were tested on 
Mastersizer 3000 (British Malvern). The angle of repose 
was tested according to the standard ASTM C 1444-00. 
Four groups of experiments were performed for each kind 
of powder, and the diameter of each group was recorded 
4  times and the mean value was taken. The AOR was 
calculated using the following equation:

		  φ= arc tan 2h/Da� (1)

Where φ represents AOR, h is the vertical distance 
between the top height formed by powder accumulation and 
the bottom end of the funnel (38.1 mm in this experiment), 
and Da is the average value of powder packing diameter 
obtained after four groups multiplied by 4 measurements 
of each powder. The measurement of powder bulk density 
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was carried out according to the standard ASTM D7481-18. 
A metal measuring cylinder was placed under the funnel to 
receive powder quantitatively. The volume of the measuring 
cylinder was 100 mL. Thermal experiments were performed 
by Diamond differential scanning calorimetry (DSC, 
PerkinElmer Instruments, USA) to analyze the melting/
crystallization properties of composite powders. The DSC 
testing was carried out under a nitrogen atmosphere at a 
heating and cooling rate of 10°C/min. The variation of the 
crystalline structure was tested on an X’pert3 powder X-ray 
diffractometer (PANalytical B.V., Netherlands) using Cu 
Kα radiation at a scan speed of 3°/min.

3. Results and discussion
3.1. Control of precipitation cooling process

First, the precipitation process of PA6 was studied. The 
precipitation cooling process had an important effect on 
the morphology and particle size distribution of powders. 
Figure  2 shows the morphology difference between 
powder precipitated by rapid cooling at 120°C/h and 
natural slow cooling at 20°C/h. The powders precipitated 
by rapid cooling were mainly solid particles, but many 
of them were featured by incompletely grown sheets. By 
contrast, the slow-cooling particles stuck with each other. 
The porous structure of the particle surface is beneficial 
to the improvement of light absorption efficiency[23,24]. 
The cooling of the reaction kettle directly determines the 
particle morphology, size, and surface quality. In the whole 
cooling process, the control of the precipitation stage plays 
a key role in the powder properties. Therefore, the whole 
cooling process was monitored, and the precipitation 
temperature holding method was adopted to analyze the 
variation of powder properties.

Figure  3 shows the cooling curve when the reaction 
kettle was kept at 125°C immediately after precipitation. 

It is obvious that the temperature recovery of PA6 
solution occurred in the cooling process, and the dynamic 
temperature fluctuation occurred in the temperature 
holding process. This is mainly due to the crystallization 
exotherm generated during the precipitation of PA6, which 
increases the temperature of the system. Therefore, the 
crystallization precipitation temperature of PA6 can be 
determined according to the transition of the temperature 
curve. Figure  3 shows that the starting temperature of 
crystallization precipitation was 124°C. The cooling rate 
before precipitation was 24.4°C/h, while the cooling rate 
after precipitation significantly decreased to 16.8°C/h. The 
exothermic enthalpy during crystallization precipitation 
increased the temperature of the whole system by 1.8°C, 
indicating the large exothermic heat from crystallization. 
Meanwhile, the final steady-state temperature was 0.2°C 
higher than the equilibrium temperature of 125°C due to 
the existence of crystallization exothermic enthalpy.

The typical morphology and particle size distribution 
of powders precipitated at 125°C were studied. It is shown 
in Figure  4A that the morphology of the powder was 
nearly spherical. Most of the particles were solid structures 
without obvious pores, indicating the high solid density 
of powders. The analysis of particle size distribution 

Figure  2. Morphological characteristics of PA6 powders precipitated 
by (A) rapid cooling at 120°C/h and (B) natural cooling at 20°C/h. The 
dissolved concentration of PA6 is 50 g/L.

BA

Figure 1. (A) Reaction kettle system. (B) Schematic diagram of DPPC method for the preparation of PA6/TiO2 composite powders.

A B
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(Figure 4B) shows that most powders were distributed in 
the particle size range of 20–90 μm and showed a normal 
distribution peak at 49.3 μm.

According to the crystallization precipitation 
temperature and the steady-state temperature, different 
holding temperatures were taken to study their effects 
on the powder morphology and particle size distribution 
(Figures 5 and 6). The changes in powder size at different 
holding temperatures are shown in Table 1. According to 
Figure  5, there were distinctly different morphological 
features of powders precipitated above and below 
the precipitation temperature. When the holding 
temperature was low at 120°C, there were many small 
particles among the powders. The large particles also 
had an obvious cracking phenomenon, and there were 
opening pores inside. The particle size showed a bimodal 
normal distribution, and the small particle powder was 
aggregated at 10 μm (Figure  6). This is mainly because 
the particles have already nucleated at 120°C but have 
not grown up. The temperature holding at this time 
increased the quantity of small-sized powders. The 
powders precipitated at 122.5°C showed the morphology 
transformation of flakes and long strips, and the powder 

growth was irregular. Most of the powders showed 
solid structures, and there was no aggregation of small 
particles. When the holding temperature was higher 
than the precipitation temperature at 127.5°C, some 
powders showed a fish-scale surface, which promotes the 
formation of internal lapped pores. This is not conducive 
to powder spreading and density improvement[24]. When 
the temperature reached 130°C, the excessively high 
temperature promotes the generation of new secondary 
nucleated particles with the feature of fish-scale surface. 
From the perspective of particle size, too high or too low 
holding temperature can produce small-sized particles. 

Figure 4. (A) The morphology and (B) particle size distribution of PA6 powders precipitated after holding at 125℃ for 1 h. The dissolved concentration 
of PA6 is 50 g/L.

A B

Table 1. Changes in powder size at different holding 
temperatures

Parameters Holding temperature

120°C 122.5°C 125°C 127.5°C 130°C

Dv (10)/μm 28.8 29.8 36.2 33.1 25.0

Dv (50)/μm 49.5 45.3 49.3 48.6 40.2

Dv (90)/μm 78.3 68.4 66.7 70.7 63.8

D[3, 2]/μm 41.6 43.1 48.0 46.5 37.6

Figure 3. (A) The cooling curve of the reaction kettle held at 125℃ for 1 h immediately after precipitation and (B) its characteristic temperature fluctuation. 
The dissolved concentration of PA6 is 50 g/L.

BA
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The small-sized particles from low holding temperatures 
are caused by an incomplete particle growth process after 
nucleation, while those from high holding temperatures 
are caused by secondary nucleation with additional 
adhesion of surface substances. The heat preservation 
near the precipitation temperature of 125°C can form 
particles with a narrow particle size distribution, a 
uniform particle size, and a smooth surface particle, 
which is beneficial to the HT-LPBF process.

3.2. Effects of dissolved concentration on powder 
properties

When the powder was prepared in large quantities, the 
dissolved concentration of PA6 increased, resulting in a 
huge difference in particle morphology. Figure  7 shows 
the changes in morphologies under the concentration 
conditions of 100  g/L, 150  g/L, and 200  g/L. When the 
concentration was increased to 100 g/L, the powder surface 
became rough and uneven, accompanied by the generation 
of small particles. The powder under the concentration of 
150  g/L gradually acquired a porous surface. When the 
concentration reached 200 g/L, obvious characteristics of 
multiphase nucleation could be observed. A single particle 
was formed by the agglomeration of small particles. There 
was a large number of network structures between the 
particles, indicating that the particles have already adhered 
to each other before they grew up.

From a comprehensive analysis, the increase in dissolved 
concentration leads to the emergence of contradictory 
phenomena. On the one hand, porous-surfaced powders 
and rod-like powders were produced. The rod-like 
powders and porous-surfaced powders appeared only 
after slow cooling and long-term heat preservation, 
indicating that the increase in concentration has the 
same effect as the long-term heat preservation. On the 
other hand, the agglomeration and inter-bonding of small 
particles occurred, which are similar to the small particles 

Figure  6. Particle size distributions of PA6 powders precipitated at 
different holding temperatures.

Figure 5. Morphologies of PA6 powders precipitated at different holding temperatures: (A) 120°C, (B) 122.5°C, (C) 127.5°C, and (D) 130°C.

A B
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produced from low-temperature partial nucleation and 
high-temperature secondary nucleation. These two 
aspects indicate that the increase in concentration leads to 
obvious low-temperature and high-temperature regions, 
corresponding to the temperature gradient from the kettle 
wall to the inside of the solution. Therefore, an increase in 
concentration is not advantageous for uniform precipitation 
of powders, because the improvement of concentration 
leads to an increase in the number of nucleation per unit 
volume and a decrease in the heat transfer rate from the 
reactor wall to the interior of the solution.

Even so, increasing the concentration would widen 
the particle size distribution, making it more suitable for 
increasing the packing density of the LPBF powder bed. The 
porous-surfaced powders were also favorable for improving 
photocatalytic performance because a large specific surface 
area could enhance the absorption of incident light. Based 
on the concentration of 150 g/L and the condition of 125°C 
temperature holding for 1 h, the preparation of PA6/TiO2 
composite powders was carried out.

3.3. Evaluation of LPBF processability of composite 
powder

Based on the precipitation process of PA6 powder, the 
PA6/TiO2 composite powders are prepared. As a polymer 
material, PA6 provides a carbon source for the carbonization 
preparation of C-TiO2 photocatalytic material. 
Carbon-complexed TiO2 can increase the efficiency of 
photogenerated carrier separation, and the photogenerated 
carrier electrons are transferred to C. Therefore, the 
combination probability of electrons and holes will be 
greatly reduced, and the photocatalytic efficiency of 
TiO2 will be improved. The preparation process of PA6 
powder directly determines the network morphology 
of the precipitated PA6/TiO2 composite powder, which, 
further, determines the network morphology of C-TiO2. 
In this section, based on the preparation process of pure 
PA6 powder, porous PA6/TiO2 composite powders were 
prepared and the HT-LPBF processability was evaluated.

Figure 8 shows the TEM images and SEAD pattern of 
the P25-type TiO2, which is a highly dispersed gas-phase 

nano-TiO2. It can be observed from the TEM images 
that TiO2 is composed of a large number of nanoscale 
particles with a size of ~20 nm. HRTEM image shows that 
the sample is composed of a clear lattice. The interplanar 
spacing is 3.581 Å, corresponding to the (0  1 0) crystal 
plane of anatase TiO2. It can also be observed from the 
SAED pattern in Figure 8D that there are diffraction rings 
of 1  0 1, 0  0 4, 2  0 0, and 1  0 5 planes of anatase TiO2 
and those of 2 1 1, 1 1 0, and 1 1 1 planes of rutile phase. 
Therefore, it can be concluded that the TiO2 contains a 
mixed phase of rutile and anatase phases. This can also be 
proven by XRD analysis (Figure 9). Meanwhile, with the 
increase of TiO2 content in the composite powders, the 
diffraction intensity of TiO2 was enhanced. The diffraction 
angle of TiO2 in the composite powder was shifted to a 
low 2θ, indicating an increase in the interplanar spacing. 
This may be attributed to the intercalation of TiO2 by PA6 
molecules under a high-temperature and high-pressure 
solution environment.

Figure 7. Morphologic difference of powders prepared with different PA6 concentrations: (A) 100 g/L, (B) 150 g/L, and (C) 200 g/L.

B CA

Figure 8. (A and B) TEM images of P25-type TiO2. (C) HRTEM image. 
(D) SAED diffraction pattern. SEAD: Selected area electron diffraction.

BA

C D
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Figure  9. XRD diffraction curves of PA6, P25-type  TiO2, and their 
composites.

As shown in Figures 10 and 11, the PA6/TiO2 composite 
powders were near-spherical, and there was a weak inter-
bonding between the particles. The surface of the powder 
showed an obvious microporous structure, on which TiO2 
was evenly distributed, and the specific surface area of the 
powder reached 240.5 m2/kg. Due to the generation of 
the porous network morphology, the bulk density of the 
powder decreased, as shown in Table 2, especially for the 
composite powders. On the one hand, this may cause large 
shrinkage during the LPBF process, which is not conducive 
to the control of part accuracy. On the other hand, this is 
very beneficial to the uniform absorption of incident light 
and the improvement of photocatalytic efficiency.

Laser particle size testing showed that the composite 
powder exhibited a good normal distribution, although 
there were some small particles below 10 μm. The Dv(10), 
Dv(50), and Dv(90) of the composite powder were 31 μm, 
48.8 μm, and 72.6 μm, respectively. The AOR values of the 
prepared PA6 and its TiO2 composite powders are at or 
below 30°, indicating good powder flowability and spreading 
properties compared with LPBF-graded PA12 and PEEK 
powders[25,26]. Therefore, from the perspective of powder 
flowability and particle size distribution, the prepared PA6/
TiO2 composite powder is suitable for the LPBF process[27,28].

In addition, from the perspective of rheology properties, 
the studies demonstrated that PA6 has a similar melt 
flow index to that of the commercial LPBF-graded PA12 
material, indicating suitable melt processing properties 
of PA6[29,30]. As the DPPC process does not change the 
essential macromolecular structure of the raw material, it 
can, therefore, be expected that the rheology properties 
of the prepared powders are suitable for the LPBF 
process. From the perspective of thermal properties, the 
sintering window of the composite powder is broadened 
from 19.7°C to 26.6°C compared to pure PA6, showing 
better processability (Figure  12)[31,32]. With the increase 
of the initial melting and crystallization temperatures of 
the composite powder, higher powder bed temperature 
and slower cooling control are required to obtain better 
mechanical properties and dimensional accuracy.

In general, the PA6/TiO2 composite powder prepared 
by the DPPC method has great potential to be used for the 
LPBF process to fabricate 3D photocatalytic material with 
a characteristic macro-micro porous structure.

Figure  10. (A and B) Typical microstructure of PA6/TiO2 composite 
powder and (C) its particle size distribution.

BA

C

Figure  11. EPMA-WDS element mapping of composite powder shows 
the distribution of TiO2 in particle. (A) Microstructure of composite 
powder, (B) Ti, (C) O, and (D) C element distribution. EPMA-WDS: 
Electron probe microanalyzer-wavelength dispersive spectrometer.

BA

DC
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Table 2. Properties of PA6 and its TiO2 composite powders

Parameter PA6 (125°C, 1 h, 50 g/L) PA6 (125°C, 1 h, 150 g/L) PA6/5% TiO2 PA6/10% TiO2 PA6/20% TiO2

Bulk density  
(g/cm3)

0.36±0.001 0.31±0.002 0.28±0.006 0.28±0.004 0.26±0.002

Angle of repose (°) 30.39±0.29 30.75±0.45 29.77±0.68 26.62±0.5 25.96±0.73

4. Conclusion
In this study, the PA6/TiO2 photocatalytic composite was 
prepared based on DPPC method, and its LPBF processability 
was investigated. The main conclusions are as follows:

(i)	 Holding the crystallization precipitation temperature 
at 125°C for 1 h, nearly spherical PA6 powders with 
a particle size of 20–90 μm and a normal distribution 
peak of 49.3 μm can be obtained.

(ii)	 Increasing the dissolved concentration of PA6 to 
150 g/L will increase the temperature gradient of the 
reactor, resulting in a porous-surfaced powder and a 
wide particle size distribution.

(iii)	PA6/TiO2 composite powder has a characteristic 
spherical porous-surfaced morphology, a high specific 
surface area of 240.5 m2/kg, an appropriate Dv(50) of 
48.8 μm, and a wide sintering window of 26.6°C, which 
make it suitable for LPBF process and improvement of 
photocatalytic efficiency.

This paper describes the preparation of a PA6/TiO2 
powder material for LPBF additive manufacturing of 
photocatalytic composites and also presents a novel idea 
for the preparation of macro-micro 3D network TiO2-
based photocatalytic composites.
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