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Supplementary Materials S1.  Calculation of crystallinity via XRD 

The degree of crystallinity (𝑋஼,௑ோ஽) was calculated using the following equation (ES1a): 𝑋஼,௑ோ஽(%) = S஼S஼ + S஺ × 100 (Eୗଵୟ) 

with S஼  and S஺ the integrated area under the crystalline peaks and amorphous halo, respectively. The “crystal” sizes 
(Dhkl) at the main peaks (020) and (110) were calculated following the Scherrer equation (ES1b): 𝐷௛௞௟ = 𝑘𝜆𝛽 cos(𝜃) (Eୗଵୠ) 

with Dhkl the “crystal” size in normal direction to the (hkl) lattice plane, k the Scherrer’s constant (here with k = 0.9), λ the Cu radiation wavelength (1.54 Å) and β the full width at half maximum of the peak in radians. XRD spectra 
were first baseline corrected before analysis. Origin Pro® software (Version V9.7.0.188) was used for data 
processing. 
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Supplementary Materials S2. TEM of ZnO NP and size distribution analysis 

 

Figure S2. Exemplary ImageJ analysis of TEM images from ZnO NPs: (a) ZnO(R), (b) ZnO(R-Si), (c) ZnO(R-Si-e), 
(d) ZnO(S-1) and (e) ZnO(S-2). The yellow lines indicate measurements of ZnO NP rod lengths or diameters, 
depending on ZnO morphology (rod vs. spherical morphology). 
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Supplementary Materials S3. SEM PHBHHx/ZnO size distribution analysis 

The size distribution of ZnO NPs in the PHBHHx matrix at 5 wt.% loading is shown in Figure S3. 

 

Figure S3. SEM size distribution analysis for PHBHHx/ZnO nanocomposites with different ZnO types at a 
concentration of 5 wt.% 

Raw SEM images were transformed via Fiji ImageJ software (Version 1.53t)  via threshold to black and 
white images, with the black background representing PHBHHx polymer and the white dots ZnO NPs. 
Particle analysis was performed by using Fiji ImageJ software (Version 1.53t) and the Feret’s diameter 
for every countable ZnO NP was measured. It is notable that the average NP size is only an estimation 
because this method is limited to the black/white threshold between the polymer and the NP. 
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Supplementary Materials S4. FTIR spectrum of PHBHHx 

The FTIR spectrum of PHBHHx (Figure S4) is clearly characterized by an ester function (C=O) at 1720 
cm−1 [59]. The peaks at 1130 cm−1, 1180 cm−1, 1227 cm−1, 1379 cm−1, and 1453 cm−1 arise from C-O-C 
symmetric stretching, C-O-C asymmetric stretching, conformational band of helical chains, CH3 
symmetric wagging, and CH3 asymmetric bending respectively [59]. 

 

 

Figure S4. Detailed FTIR spectrum of a PHBHHx film produced with compression molding. 
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Supplementary Materials S5. FTIR spectra of ZnO nanoparticles 

The FTIR spectra of different ZnO NPs used in this study are shown in Figure S. The FTIR spectrum of 
ZnO NPs is generally characterized by an absorbance band around 450-600 cm−1 from Zn-O stretching 
and an absorbance band around 880 cm−1 assigned to Zn-OH stretching. Different types of hydroxyl (-
OH) groups can be located on the surface of ZnO NPs. A first type is found at the absorbance band 
around 3000-3650 cm−1 from reversible dissociative adsorption of hydrogen on both Zn and O sites [62]. 
This band is apparent for all ZnO NP types but with rather low intensity, indicating a relatively low 
amount of -OH groups on the surface of all tested ZnO NPs. Hydroxyl groups can also be located on 
the surfaces as chemisorbed water [60-62], and apparent in the FTIR spectra as a rather small band 
around 1640 cm−1 for the unmodified ZnO(R) and ZnO(S-1). The peak at 1740 cm−1 can be assigned to 
stretching vibrations of C=O bonds. The three intensities at wavenumbers of 2850-3000 cm−1 are assigned 
to C-H stretching, possibly from acetate ions [62].  

 

Figure S5. FTIR spectra of different ZnO nanoparticles. Spectra are not baseline corrected and normalized. 
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Supplementary Materials S6. TGA of ZnO nanoparticles 

The amount of hydroxyl groups on the surface of ZnO NPs can be determined via TGA measurements 
(Figure S6). The ZnO powders were not dried prior to analysis. The weight loss remains below 2% for 
all ZnO types, indicating a low amount of physiosorbed and chemisorbed water on the surface of ZnO. 
The ZnO(R-Si) and ZnO(R-Si-e) types show higher weight losses due to surface modification with 
silane. The amount of chemisorbed water (and hydroxyl concentration) can be assessed from the TGA 
curves (Table S6) in the temperature interval of 180°C-500°C and can be calculated with the following 
equation ES6 [48] (not determined for ZnO(R-Si) and ZnO(R-Si-e) to avoid overlap with weight loss due 
to silane): ሾ𝑂𝐻ሿ = ቆ 2𝑀ுమைቇ × ൬ 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (%)100 − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (%)൰                                     (𝐸ௌ଺) 

 

Figure S6. TGA measurements of different ZnO nanoparticles. 

 

Table S6. Estimated hydroxyl concentration on the different ZnO NP types determined via TGA. 

ZnO type Weight loss TGA* (wt.%) [OH] (mmol/g) 

ZnO(R) 0.486 0.542 
ZnO(S-1) 0.443 0.494 
ZnO(S-2) 0.218 0.243 

*Weight loss in the temperature interval of 180-500°C. 
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Supplementary Materials S7. FTIR spectra 5 wt.% PHBHHx/ZnO (1150-1000 cm−1) 

 

Figure S7. FTIR spectra in the wavenumber range 1150-1000 cm−1 for (i) PHBHHx and 5 wt.% PHBHHx/ZnO 
nanocomposites: (ii) ZnO(R), (iii) ZnO(R-Si), (iv) ZnO(R-Si-e), (v) ZnO(S-1) and (vi) ZnO(S-2). 
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Supplementary Materials S8. Determination of crystallinity in FTIR 

Bands at lower wavenumbers (1720 cm−1) are assigned to the crystalline phase, where O atoms of the 
C=O group are closer located to H atoms to form H-bond interactions (reduction of the C=O order) [65]. 
The wider bands at higher wavenumbers (e.g. 1741 cm−1) are assigned to the amorphous phase, where 
H-bonding interactions are reduced due to absence of an ordered structure (increase of the C=O order) 
[65]. In this way, the C=O region of semicrystalline PHBHHx is a superimposition of the crystalline and 
amorphous spectral components and their ratio can be used for a qualitative crystallinity fraction 
(XC,FTIR) of the nanocomposites, and was determined in the ester (C=O) spectral region by a multiple 
Lorentz peak fit performed with Origin Pro® software (Version V9.7.0.188). The crystallinity fraction 
XC,FTIR was determined using following equation ES8: 𝑋஼,ி்ூோ(%) = A஼A஼ + A஺ × 100 (Eୗ଼) 

with A஼ and A஺ the integrated area of the crystalline and amorphous fraction respectively. The difference 
in absorptivity between the crystalline and amorphous phase was not taken into account [65]. 

Another qualitative assessment of the crystallinity was assessed in the C-O-C spectral region and the 
crystallinity index (CI) was determined as the ratio of I1227/I1453 and I1379/I1180. 

Table S8. Qualitative crystallinity fraction (XC,FTIR) obtained from the C=O region and crystallinity indices I1227/I1453 
and I1379/I1180 from the C-O-C region for PHBHHx/ZnO nanocomposites with ZnO concentrations of 1, 3 and 5 wt.%. 

Sample 
CZnO 

(wt.%) 
XC,FTIR I1227/I1453 I1379/I1180 

PHBHHx 0 77.1 0.56 4.48 

ZnO(R) 
1 77.1 0.62 4.71 
3 79.6 0.60 4.57 
5 80.1 0.59 4.47 

ZnO(R-Si) 
1 79.6 0.61 4.59 
3 80.1 0.60 4.60 
5 82.9 0.61 4.72 

ZnO(R-Si-e) 
1 79.5 0.60 4.53 
3 76.6 0.58 4.79 
5 83.3 0.60 4.57 

ZnO(S-1) 
1 85.5 0.59 4.43 
3 80.2 0.61 4.74 
5 78.1 0.58 4.75 

ZnO(S-2) 
1 78.4 0.57 4.82 
3 79.3 0.58 4.82 
5 79.7 0.58 4.77 
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Supplementary Materials S9. WAXD spectra of PHBHHx/ZnO and crystallinity 

The WAXD spectra of PHBHHx and PHBHHx/ZnO films at a ZnO loading of 5 wt.% are shown in 
Figure S9. The spectra show similar patterns compared to the PHB homopolymer, indicating the 
formation of orthorhombic PHB unit cells in these film samples. The XRD pattern of PHBHHx is mainly 
characterized by reflections: (020) at 2θ = 13.6°, (110) at 2θ = 17°, (111) at 2θ = 22.5°, (031) at 2θ = 25.7° 
and (040) at 2θ = 27.2° [59]. The two most intense scattering peaks (020) and (110) indicate the 
orthorhombic unit cell of PHB. The reflections of the ZnO nanocomposites (both 1 and 5 wt.%) have not 
shifted and peak intensities are comparable, indicative of a similar crystallinity as in PHBHHx and 
confirming the presented DSC and FTIR data. The crystallinity values as calculated from the crystalline 
peaks in the XRD pattern remain fairly constant for all samples (~60 to65 %). In addition, the “crystal” 
sizes as calculated with the Scherrer equation remain also similar, estimated to be around 23 ± 1 nm and 
14 ± 1 nm, for (020) and (010), respectively and confirming the presented DSC data.  

 

Figure S9. WAXD patterns for PHBHHx and ZnO nanocomposites with a ZnO concentration of 5 wt.%: (a) 
characteristic peaks for PHBHHx and ZnO (2θ = 10-60°) and (b) zoom of the PHBHHx peaks (2θ = 10-30°). WAXD 
patterns are baseline corrected. 

Table S9. WAXD calculated crystallinity (XC,XRD) for PHBHHx and their ZnO nanocomposites in different 
concentrations. 

Sample CZnO (wt.%) XC.XRD (%) 

PHBHHx 0 61.8 

ZnO(R) 5 59.1 

ZnO(R-Si) 
1 64.0 

5 60.1 

ZnO(R-Si-e) 5 61.2 

ZnO(S-1) 5 63.7 

ZnO(S-2) 
1 65.4 

5 63.5 
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Supplementary Materials S10. TGA characteristic values of PHBHHX/ZnO nanocomposites 

Table S10. TGA results of PHBHHx/ZnO nanocomposites showing the extrapolated onset degradation 
temperature (To), the temperature at 5% weight loss (T5%), the temperature at 50% weight loss (T50%), the maximum 
peak degradation temperature (Tp) and residue (R). 

Sample CZnO (wt.%) To (°C) T5% (°C) T50% (°C) Tp (°C) R(%) 
PHBHHx 0 292 286 304 308 0.4 

ZnO(R) 
1 281 273 293 297 1.1 
3 275 270 289 290 3.0 
5 276 273 292 290 4.7 

ZnO(R-Si) 
1 282 275 293 296 1.2 
3 277 272 290 289 2.8 
5 278 275 293 291 4.9 

ZnO(R-Si-e) 
1 281 273 293 297 1.2 
3 275 271 289 288 2.9 
5 277 274 292 290 4.8 

ZnO(S-1) 
1 281 273 293 297 1.2 
3 275 270 289 289 3.6 
5 276 274 292 290 4.7 

ZnO(S-2) 
1 280 273 292 297 1.2 
3 276 271 289 290 2.8 
5 274 272 290 286 5.0 
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Supplementary Materials S11. UV/VIS spectra of PHBHHx/ZnO films 

 

 

Figure S11. UV-VIS spectra for 1 wt.% (a) and 3 wt.% (b) PHBHHx/ZnO nanocomposite films. The curves are 
averaged (n = 3) and the shaded colors represent the SD. 
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Supplementary Materials S12. Optical characteristics of PHBHHx/ZnO films 

 

Figure S12. Exemplary images of PHBHHx/ZnO films: (a) 1 wt.% ZnO(S-2) visual appearance with (b) contact 
transparency showing the translucent nature and size of the film (10 x 10 cm²), and contact transparency of (c1) 
PHBHHx – opacity ~13%, (c2) 3 wt.% ZnO(R-Si) – opacity ~ 31% and (c3) 5 wt.% ZnO(S-2) – opacity ~ 58%.  
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Supplementary Materials S13. Minimum inhibitory concentrations of ZnO NPs 

Table S13. Minimum inhibitory concentrations (MIC) of the different ZnO NP types for S. aureus and E. coli. 
Standard deviation is shown in brackets. 

ZnO type 
MIC (µg/ml) 

S. aureus E. coli 
ZnO(R) 500 (0) 1000 (0) 

ZnO(R-Si) 1333.3 (577) >2000 
ZnO(R-Si-e) >2000 >2000 

ZnO(S-1) 2000 (0) >2000 
ZnO(S-2) 416.7 (144) 2000 (1732) 
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