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Report: 
 

During our experiment at ESRF beam ID22, we measured XRD diffractions of Cu2O and ZnO 

powders modified with different biologically originated molecules. Specific biomulecules (amino acids) and 

peptides in various concentrations were added during the crystallization process in order the examine their 

effect on the micro and nano structure of the semiconducting crystals.  Our goal was to determine lattice 

parameters changes via measuring the diffarction peak positions and ustilizing Rietveld analysis method. 

Furthermore, our goal was to prove that incorporation of different biomulecules within the crystal structure of 

a semiconductor can be used for a technological application such as band gap engineering.   

Analysing the data we collected during out stay at the ID22 we found that biomulecules incorporated 

into Cu2O structure similar to ZnO, indeed, have a strong effect on the lattice parameters caused by 

intracrystalline strain. This result can be seen from Figure 1, presenting the most intense (111) peak (

11.55θ = ° ) of different Cu2O samples grown in the presence of various biomolecules. A clear shift of the 

diffraction peak position can be noticed for all investigated samples. Moreover, it can be seen from the 

Figure 1 that diffraction peaks returned to the original position (indicated by pure Cu2O sample) after a mild 

heat treatment at 250°C due to strain release caused by amino acid destruction. Iterstingly, in case of 

Cu2O/amino acids composite crystals we observed a considerable shift towards higher 2theta indicating 

decrease in the lattice parameters upon incorporation of the amino acids into the Cu2O crystal structure. In 



 

contrast to the previously observed lattice expansion caused by intracrystalline such a negative lattice 

dsitortions upon incorporation we observed for the first time. 

 
 
Figure 1. The (111) diffraction peak of the Cu2O crystals grown in the presence of various 

biomolecules. The diffraction peak shift towards higher 2theta position indicates a shrinkage of the lattice 
parameters for composite crystals. 

Utilizing Rietveld method we extracted lattice parameters for all the investigated samples and 
calculated corresponding lattice distrotions for every sample. Table1 summirize these results. 

Table 1. Rietveld analysis results. 
 

Sample AA concentration, 
mg/ml-1 

Lattice 
parameter, Å 

Lattice 
distortions 

Goodness of fit 
parameter, χ2 

Cu2O-Ref - 4.269749  3.238 
Cu2O-Ref-Heated - 4.270063 2.06E-04 6.887 
Cu2O-Asn3 3 4.246610 -5.42E-03 3.566 
Cu2O-Asn3-Heated 3 4.269947 4.64E-05 2.36 
Cu2O-Gln3 3 4.239428 -7.10E-03 2.851 
Cu2O-Gln3-Heated 3 4.269142 -1.42E-04 8.653 
Cu2O-Gly3 3 4.249225 -4.81E-03 2.509 
Cu2O-Gly3-Heated 3 4.265816 -9.21E-04 4.386 
Cu2O-Met3 3 4.262700 -1.65E-03 1.603 
Cu2O-Met3-Heated 3 4.270474 1.70E-04 3.865 
Cu2O-Ser3 3 4.254187 -3.64E-03 2.09 
Cu2O-Ser3-Heated 3 4.265471 -1.00E-03 2.878 
Cu2O-Lys3 3 4.248949 -4.87E-03 1.126 
Cu2O-Lys3-Heated 3 4.270560 1.90E-04 1.956 
Cu2O-Asp3 3 4.264375 -1.26E-03 1.718 
Cu2O-Asp3-Heated 3 4.269976 5.32E-05 3.682 
Cu2O-Pro3 3 4.264633 -1.20E-3 2.105 
Cu2O-Pro3-Heated 3 4.270552 1.88E-04 4.786 
Cu2O-Ala3 3 4.258659 -2.60E-03 1.962 
Cu2O-Ala3-Heated 3 4.269283 -1.09E-04 5.582 
Cu2O-Thr3 3 4.261653 -1.90E-03 2.608 
Cu2O-Thr3-Heated 3 4.268988 -1.78E-04 3.974 
Cu2O-Glu3 3 4.264510 -1.23E-03 1.378 
Cu2O-Glu3-Heated 3 4.270010 6.11E-05 2.215 
Cu2O-Phe3 3 4.265348 -1.03E-03 1.816 
Cu2O-Phe3-Heated 3 4.270401 1.53E-04 8.442 
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Reference As grown After annealing

Aspargine 3mg/ml
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Alanine 3mg/ml
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Serine 3mg/ml
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Threonine 3mg/ml



 

Cu2O-Ile3 3 4.263399 -1.49E-03 1.842 
Cu2O-Ile3-Heated 3 4.270266 1.21E-04 3.681 
Cu2O-Leu3 3 4.263900 -1.37E-03 1.225 
Cu2O-Leu3-Heated 3 4.270280 1.24E-04 3.169 
Cu2O-Val3 3 4.265492 -1.01E-03 1.256 
Cu2O-Trp3 3    
Cu2O-Seleno0.5 3 4.255776 -3.28E-03 1.816 
Cu2O-Tyr3 3 4.263595 -1.45E-03 4.249 

 

Based on the finding that Cu2O/Gln composite crystals exhibit the most prominent lattice distortions as 

compared to the control, the latter sample has been selected to further investigate the effect of heat treatment 

on the structure of the crystals by means of the in-situ heating system. The experiment was performed within 

the temperature range of 50°C-300°C.  Figure 2 presents the (111) diffraction peak evolution of pure Cu2O 

crystals and Cu2O/Gln composite crystals after a heat treatment. Only a rather slight lattice expansion over 

the temperature and no considerable peak shift were detected after thermal annealing of the control sample 

(Figure 2A). In contrast, the revealed relaxation behaviour observed for the Cu2O/Gln composite indicated 

that the lattice distortions were continuously-relaxing due to organics are burnt out during the stepwise 

increase of the applied temperature. In addition, the lattice relaxation already commenced at 75°C and its 

highest rate was found between 100°C and 150°C. A full relaxation of distortions was observed above 225°C 

which signifies a complete decomposition of the intracrystalline organic phase (Figure 2B).  

 
Figure 2: Evolution of (111) reflections for A) Cu2O control sample and B) Cu2O crystals after incorporation 
of Gln recorded during different stages of the in-situ heat treatment experiment carried out within 
temperature range from 50°C (dashed light blue) and up to 300°C (dashed brown) with a step rate of 25°C. In 
solid: the (111) spectra obtained before and after heat treatment for the control sample (blue and magenta, 
respectively) and Cu2O sample crystalized in the presence of Gln 3mg mL-1 (black and red, respectively). 
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With the aim to determine the activation energy of the thermally-activated lattice relaxation we 

subjected Cu2O/Gln crystals to isochronous annealing for 1 hour at 50-300°C temperature range. In 

difference to the previously performed in-situ annealing where the sample was heated constantly, here the 

sample was allowed to cool down to room temperature after each heating cycle and prior to recording the 

diffraction pattern. Temperature-dependent lattice distortions relaxation characterized by the (111) diffraction 

peak of the Cu2O/Gln composite crystals shows a continuous shift towards d-spacings values of the control 

sample (Figure 3a, blue graph – control at ambient temperature, red graph – post annealed Cu2O/Gln 

composite). The lattice distortions along a,b,c-axis became practically zero after annealing at 300°C (Figure 

3b).  

 
Figure 3. Cu2O/Gln composite subjected to the isochronous thermal annealing: a) (111) reflections 

collected and b) lattice distortions relaxation at every cycle of the annealing process. 
 

The value of activation energy of the temperature-dependent lattice relaxation was derived from our 

experimental data by employing the Debye relaxation model: 𝑆 𝑇, 𝑡 = 𝑆(0)×exp  (−𝑡/𝜏), expressing the 

relation between lattice distortions before  𝑆(0) and after 𝑆(𝑇, 𝑡) annealing at given temperature, 𝑇, for 

duration, 𝑡. The temperature variation of the relaxation time parameter 𝜏 is given by an Arrhenius type 

relation: 𝜏 𝑇 = 𝜏!exp  (𝛥𝐸!/𝑅𝑇), where 𝜏! represents the relaxation time at infinite temperature (pre-

exponential factor), 𝛥𝐸! the activation energy of the relaxation process, 𝑅 = 8.314  J mol-1 K-1 is the 

universal gas constant. The activation energy for lattice relaxation calculated from the slope of a linear fit to 

these data is about 0.23eV. Considering that the activation energy of protein unfolding is known to be in the 

range of 0.1 - 1 eV, the obtained reasonably low value we attribute to the thermal decomposition of 

intracrystalline organic matter occurring under mild heat treatments and  leading to the lattice relaxation. 

Moreover, previous study conducted on biogenic aragonitic shells reports the activation energy of 0.31eV for 

the temperature-induced lattice relaxation originating from the destruction of the occluded organic 

macromolecules. The latter reasoning strengthens the idea that the lattice relaxations along the a,b,c-axes of 

the Cu2O unit cell observed under mild heat treatments arises exclusively due to the disruption of organic 

inclusions. 
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In conlusion, accurate measurements of the structural parameters in bio-inspired semiconductor 

crystals conducted at ID22 will allow us further to learn how the chemical structure and the length of the 

incorporated biomolecules affects the semiconductor’s crystal structure and band gap. Utilizing the obtained 

results we do hope to decipher the mechanism of band gap change due to such incorporation. Moreover, for 

better understanding of the incorporation of biomolecules inside the crystal structure, an accurate 

concentration measurement of intracrystalline molecules needs to be further performed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


