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Mogens Christensen.2* 
1Key Laboratory of Thermo-Fluid Science and Engineering, Xi’an Jiaotong University, Xi’an, 

Shaanxi 710049, China 
2Department of Chemistry & iNANO, Aarhus University, Aarhus C 8000, Denmark 

Abstract: Nano/micro crystalline copper is widely used in catalysts and it has potential for being 

used as conductive additive to ink for inkjet printed electronics. Copper is attractive, because it 

has excellent electrical conductivity and low cost compared to noble metals. The nucleation and 

phase transitions from the precursor to the final micrometer sized Cu in supercritical methanol 

have been studied for the first time using in-house in situ powder X-ray diffraction (PXRD). 

Temperatures have a significant impact on the reduction process of Cu2+, at low synthesis 

temperature (250 °C), it was observed how the Cu2+ precursor initially formed copper hydroxy 

nitrate (Cu2(OH)3NO3) and transformed to copper(II)oxide (CuO) i.e no reduction took place. At 

300 °C multiple phase transformation could be observed from initial copper hydroxy nitrate to 

zero-valent copper, the in situ investigations reveal the following phase transitions; 

CuII
2(OH)3NO3 → CuIIO → CuI

2O → Cu0. Increasing the synthesis temperature causes the pure 

Cu0 to form much faster; at 350 °C, it takes 8.7 min to produce phase pure Cu0, while at 450 °C, 

the formation takes ∼0.7 min. Increasing the initial concentration of Cu2+ in the precursor causes 

formation of larger Cu0 crystallites in the final product. Finally, the in situ observations were 

used as guidance for making Cu0 using a supercritical flow setup. 
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Introduction 

Nano and micro crystalline copper have attracted more and more interests from researchers and 

engineers, due to the excellent performances in optics, catalysts, electrical conduction and as 

additives in lubricating oil1-4. Copper nanoparticles are especially attractive in application of 

printed circuit boards (PCBs) compared with noble metals (silver and gold), due to high 

electrical conductivity, low-cost and low electrochemical migration probability5. Various 

methods have in recent years been applied for synthesis of nano/micro copper crystals, such as 

thermal decomposition6, 7, microwave heating8, 9, solvothermal10, polyol11, 12, sol-gel13 and 

supercritical water14, 15. Among these synthesis methods, supercritical fluids have become 

increasingly popular, because of the potential for large-scale commercial manufacturing and 

upholding green chemistry concepts16, 17. 

Supercritical fluids are a fascinating reaction medium, owing itself to low density, low dielectric 

constant, low viscosity and other unique properties. A huge number of inorganic oxides have 

been successfully synthesized in supercritical water, a few examples are ZnO18, NiO19, TiO2
20, 

γ-Fe2O3
21 and CuO22. Supercritical carbon dioxide was used in the preparation of elemental Cu 

and Ni23. Supercritical methanol (T > 239.5 °C, P > 8.1 MPa) combines solvothermal synthesis 

and reduction, as it acts as both solvent and reduction agent. Different species of metals have 

been synthesized from their corresponding salts, with supercritical methanol acting both as 

reaction medium and reduction agent, e.g. Ag24, 25, Cu24, 25, Ni24, 25, Co26. It is of great interest to 

understand the reduction from divalent metal ion into zero-valent metal, as it can potentially 

improve the reaction process. Different researchers have proposed different reaction pathways, 
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one being that hydroxide ions (OH-) dissociated from methanol molecules in supercritical 

conditions acts as reduction agent through electron transfer from hydroxide ions to dissociated 

metal ions24, 27. Other experiments have proved that hydrogen (H2), carbon monoxide (CO), and 

methane (CH4) are generated as by-products of methanol reforming in the supercritical state, and 

all these by-products are all effective reduction agents28, which are proposed to possibly reduce 

copper ions in supercritical methanol29. In other words, the synthesis of zero-valent metals in 

supercritical methanol from higher valent metal salt are a complicated process. 

In situ synchrotron powder X-ray diffraction (PXRD) experiments have been used to shed light 

on the formation of nanocrystallites e.g. γ-Fe2O3
30, 31 and SrFe12O19

32. Recently, the robustness of 

the methods was investigated in a reproducibility study on γ-Fe2O3.33 Synchrotrons are great 

tools for these studies as the high flux and large area detectors gives a very high time resolution, 

albeit access to beamtime can be a challenge. Here we demonstrate the use of a newly developed 

in situ in-house supercritical synthesis setup.34 

In situ PXRD is applied to explore the reduction process of Cu2+ ions to Cu0 and the 

crystallization mechanism in supercritical methanol. The reaction kinetics where analyzed using 

the Gualtieri kinetic model, and a reaction mechanisms for the crystallite formation were 

proposed35. The information obtained from the in situ experiment has been exploited in the 

design of a supercritical flow synthesis to scale-up the synthesis of zero-valent copper particles. 

Experimental 

In situ synthesis: All reagents were used without purification; copper (II) nitrate trihydrate 

(Cu(NO3)2•3H2O, Sigma Aldrich, analytical grade, purity >98%), Methanol (CH3OH, Merck  

KGaA Corporation, analysis grade). A precursor solution with 2 M concentration of Cu(NO3)2 
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was prepared by dissolving the appropriate amount of Cu(NO3)2•3H2O in methanol. Lower 

concentrations were made by diluting the 2 M Cu2+ solution. 

A schematic diagram of the experimental in situ setup is shown in Fig. 1. The capillary reactor 

(inner and outer diameter are 0.75 mm and 0.85 mm, respectively) was made of silica and coated 

with polyamide. The precursor was injected into the capillary reactor using a syringe and the 

capillary tube was subsequently connected to an HPLC pump (Prep Pump, LabAlliance) through 

Swagelok fittings and stainless steel tubing, the pressure was set to 11.4 MPa. A heat gun 

(HiHeater, Miyawaka Corporation, Japan) heated the silica capillary reactor with a jet of hot air 

to a preset temperature. The heat gun allowed for a fast heating, capable of reaching 450 °C 

within 25 seconds, reaching 415 °C inside the capillary within the first 15 seconds (~28 K/s), and 

stabilizing to 450 °C within the next 10 seconds. 

 
Fig. 1 Schematic diagram of the in-house in situ setup. The capillary reactor is heated by a jet of hot air from the 

heat gun. The capillary is illuminated by monochromatic X-rays and an area detector records the diffracted pattern at 

set intervals. The obtained detector images are integrated and plotted as function of reaction time. (Courtesy of 

Henrik Lyder Andersen) 
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The actual temperature inside the capillary was slightly lower than the set temperature on the 

controller, the time evolution of the temperature inside capillary can be found in the supporting 

information. Five different reaction temperatures in the interval from 250 °C to 450 °C in steps 

of 50 °C were investigated regarding the formation of Cu0 from copper (II) nitrate trihydrate 

(Cu(NO3)2•3H2O) in supercritical methanol. The capillary tube with the precursor material was 

mounted on a special designed sample holder inside a Smartlab diffractometer (Rigaku, Japan). 

The diffractometer was equipped with a Cu rotating anode and Johnson monochromator to 

extract Cu Kα1 radiation. A cross beam optics unit CBO-E provided a convergent beam used in 

Debye-Scherrer geometry. The heat gun was placed under the capillary reactor at a fixed 

calibrated distance of about 2 mm. In situ data frames were recorded using a HyPix-3000 2D 

detector fixed at a sample/detector distance of 135.5 mm and covering the angular interval 2θ = 

29.8 - 61.9°. A commercially available 5° Soller slit in the incident beam combined with a 

special designed large area 5° Soller slit in front of the detector allowed using a 15 mm wide X-

ray beam, without significant peak-broadening. The images were collected with a 10 s exposure 

time. An additional 9 s for saving data and opening/closing the shutter gave a total time 

resolution of 19 s per frame. For the experiment at 250 °C, a low angle data set was collected to 

reveal the low angular peaks for the Cu2(OH)3NO3 phase, this was obtained by placing the 

detector at a 2θcenter = 24° (corresponding to the 2θ range of 7.8 - 39.7°). 

Flow synthesis: Based on the in situ experiments, a range of supercritical flow synthesis 

experiments were conducted to investigate the possibility of large-scale synthesis of elemental 

copper and copper oxide nanoparticles. Two high pressure pumps were used to supply precursor 

(0.01 M Cu(NO3)2 in methanol, 5 ml/min) and solvent methanol (10 ml/min) continuously. In 

order to increase the heating rate the methanol was heated by two pre-heaters to reach the 
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intended reaction temperature of 350 and 400 °C, after which the precursor and solvent were 

mixed in the flow apparatus. The reaction pressure was kept at 11 MPa throughout the flow 

reaction. The two fluids mixed through a T-piece mixer and caused almost instantaneous heating 

of the precursor. The mixture was kept at the reaction temperatures of 350 and 400 °C for 3.2 

and 2.7 s, respectively. Finally the product passed through a water cooled jacket and a pressure 

relief valve. Detailed information and a schematic diagram of the continuous flow reactor can be 

found in the literature36. The products were washed several times with deionized water and 

ethanol to remove impurities. Powder products were obtained after vacuum drying at 60 °C for 

24 h. 

Characterization of flow product: Phases characterization and crystallite size and morphology 

of the flow reactor products were performed using powder X-ray diffraction (PXRD) and 

transmission electron microscopy (TEM). PXRD data were collected with the same Smartlab 

diffractometer as the in situ experiment, however with a zero background flat silicon single 

crystal sample holder in Bragg-Brentano geometry and using a silicon strip detector D/teX Ultra 

250. Samples for electron microscopy were prepared by adding droplets of ultrasonically 

dispersed powder in ethanol on a nickel grid. TEM images were captured using a Philips CM20 

microscope. 

Rietveld refinements: The collected 2D images were integrated using a Python script, 

converting the data into 2θ positions (°) and intensities. Rietveld refinement was performed on 

the integrated data using the Fullprof Suite software.37 During refinement, a large amount of data 

were analyzed taking advantage of sequential Rietveld refinement in Fullprof Suite. The 

refinements included the observable phases of copper hydroxy nitrate, cupric oxide, cuprous 

oxide and copper with chemical formula; Cu2(OH)3NO3, CuO, Cu2O, and Cu using the 
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spacegroups 𝑃𝑃21, 𝐶𝐶2 𝑐𝑐⁄ , 𝑃𝑃𝑃𝑃3�𝑚𝑚 and 𝐹𝐹𝑚𝑚3�𝑚𝑚, respectively. The peak profiles were described by 

the Thompson-Cox-Hasting pseudo-Voigt function and the backgrounds were determined by a 

linear interpolation between a series of background points. In the refinements the following 

factors were refined; the scale factor, 2θ zero point, unit cell parameters, background and peak 

shape parameters. In all cases the Cu atoms are occupying special positions without refinable 

coordinates and the atomic occupancies were fixed to be fully occupied, in other words, the 

atomic positions and atom occupancies were fixed to literature values 38-41. Thermal vibration 

parameters were strongly correlated with the scale factor, due to the limited number of peaks 

within the detection range. Debye-Waller factors were therefore fixed to B values extracted from 

the literature corresponding to the temperature of the respective experiment 42-44. Crystallite size 

were calculated based on the full width at half maximum intensity (FWHM) obtained from the 

Rietveld refinements by using the Scherrer equation: 

𝐷𝐷 = 𝐾𝐾𝐾𝐾
𝛽𝛽 cos𝜃𝜃

   (1) 

Where D represents crystallite size, K = 0.89 represents the Scherrer constant, λ represents the 

wavelength, β is FWHM, and θ is the Bragg angle. In the refinement the term β cos(θ) is refined 

as one angle-independent parameter for all peaks of a given phase. 

The peak broadening observed in the X-ray powder diffraction pattern is a convolution of the 

contribution from the sample microstructure and the instrument resolution. The instrumental 

peak broadening was corrected using data from a NIST LaB6 660B standard sample45. Peak 

broadening, which may arise from microstrain in the lattice is neglected due to the low reaction 

temperature. Strain broadening could be investigated if high angular and q resolution could be 

obtained from e.g. synchrotron powder diffraction instruments. The normalized scale factors 
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obtained from the refinements were used for reaction kinetics investigations using the Gualtieri 

kinetic model.  

Results and discussion: 

In situ investigations: Four different crystalline phases were observed in the in situ 

investigations depending on synthesis temperature and time. In order to give an impression of the 

time-evolution of the different phases a 3D plot is shown of the diffraction patterns collected at 

350 °C in Fig. 2. The three dimensions are time (min), Bragg angle 2𝜃𝜃(°), and intensity (arb. 

units). Fig. 2 (b) is the 2D projection of the 3D plot in Fig. 2 (a), where the intensity is given by 

the color scale. By comparison with a crystallographic database it was possible to determine the 

obtained crystallographic phases. The heating was started at time equal 0 min, no diffraction 

peaks are observed until 0.8 min. At 0.8 min, five peaks belonging to CuO and Cu2O are 

observed. The CuO peaks quickly disappears and after persistent heating for 2.0 min, two new 

peaks are observed belonging to Cu. 
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Fig. 2 (a) 3D in situ diffraction data collected at 350 °C, with color scale demonstrating the intensity and heating 

started at 0.08 min. (b) 2D projection of the plot, clearly revealing three phases, first CuO, followed by Cu2O and 

finally Cu. 

Three representative diffractograms illustrating all of the observed phases are shown in Fig. 3, 

where the observed data and the refined Rietveld model are shown together with the difference 

between the observed data and the calculated model. Fig. 3 (a) shows the Cu2(OH)3NO3 (JCPDS 

NO. 45-0594) phase appears after ~20 s at a reaction temperature of 250 °C. The main 

diffraction peak of Cu2(OH)3NO3 is observed around 2θ = 15°, which was collected by placing 

the detector at 2θcenter = 24°. The low angle diffraction data helped to confirm the presence of 

Cu2(OH)3NO3. The corresponding low angle diffraction data collected at 250 °C and ~20 s can 

be found in the supporting information. Fig. 3 (b) and (c) show diffraction patterns collected at 

300 °C after 4.8 and 40 min, respectively. The peaks obtained after 4.8 min are indexed to CuO 

(JCPDS NO. 48-1548) and Cu2O (JCPDS NO. 05-0667), while at 40 min the observed peaks are 

Cu2O and Cu (JCPDS NO. 04-0836). The reliability factors (Rwp, χ2) for the sequential Rietveld 

refinements are shown in supporting information. 

 
Fig. 3 Powder diffraction patterns obtain from linear integration of the 2D image collected by the Hypix-3000. The 

integrated data (black open circle) is shown along with the Rietveld model fit (red), the difference curve Iobs-Icalc 
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(blue), and the indexed peak positions (vertical lines). The data is shown for (a) 250 °C, 0.4 min (b) 300 °C, 4.8 min 

(c) 300 °C, 40.0 min.  

The evolution of the different phases and the corresponding weight fractions are shown in Fig. 4. 

For the reaction at 250 °C only two phases were observed within the duration of the experiment, 

which lasted nearly 1 hour, as shown in Fig. 4 (a). Initially Cu2(OH)3NO3 is observed as the only 

phase after heating for 0.4 min, but it rapidly disappears after 1.4 min. At 0.7 min, the CuO phase 

starts to emerge and increases fast in weight fraction. The CuO is the only observable phase after 

1.4 min and until the experiment is ended after almost 1 hour. The experiments at 300 °C reveals 

four different crystalline phases during the experiment as seen in Fig. 4 (b). Cu2(OH)3NO3 and 

CuO appear in the first frame after initiating the heating, however Cu2(OH)3NO3 is converted 

completely to oxide products in the next frame, where Cu2O also starts appearing. The CuO is 

converted into Cu2O as time progresses. At 10.9 min, the pure Cu0 starts to appear. The reduction 

of Cu2O to Cu0 slowed down after approx. 20 min at 300 °C in supercritical methanol, even after 

52.0 min a full conversion is not obtained. For the reaction taking place at 350 °C the 

Cu2(OH)3NO3 is not observed. It is either bypassed or the time resolution is insufficient to 

observe the presence of the phase. In the first frame diffraction peaks from CuO crystallites 

appear, but it is quickly converted into Cu2O, which again relatively quickly converts into 

elemental Cu after less than 2 min. It takes 6.7 min from the emergence of Cu0 to complete 

conversion of Cu2O into pure Cu0. For the reaction temperatures of 400 °C and 450 °C, the 

conversion into elemental Cu0 is very fast and takes 62 s and 43 s, respectively, as shown in Fig. 

4 (d) and (e).  
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Fig. 4 Evolution of phase weight fraction with time at different reaction temperatures (a) 250 °C (b) 300 °C (c) 

350 °C (d) 400 °C (e) 450 °C with 11.4 MPa of reaction pressure 

In order to obtain smaller crystallites, precursors with lowered concentrations were also 

investigted and the same phase evolution trends were observed. For all the reactions at 

temperatures of 350 °C and higher, elemental Cu0 were obtained as the final crystalline phase. 

Temperature and Crystallite size: The crystallite size of the copper particles calculated from 

the Scherrer equation is generally >100 nm, therefore the size cannot be trusted from the 

Scherrer equation46. The size is inversely proportional to the peak width β, the full width at half 

maximum of the peak. In Fig. 5 the time evolution of 1/β is plotted to show the trend of 

crystallite size as function of time for the different reaction temperatures and precursor 

concentrations. The Cu0 crystallite size reaches a constant size at the reaction temperature of 

350 °C. When increasing reaction temperature to 400 °C and 450 °C, it is observed how 

prolonged heating time resulted in an increase of the average crystallite size. Beside crystallite 

size, unit cell parameter can also be extracted from refinement, the evolution of unit cell with 

time can be found in supporting information.  

Concentration and crystallite size: Decreasing the Cu2+ concentration in the precursor has a 

significant effect regarding the size of the formed crystallites. For the powder patterns collected 
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for 1 M of Cu2+, a slight increase in average crystallite size is observed as time progresses. 

Decreasing Cu2+ concentration to 0.5 M, no significant change was observed during the 10 min 

of the experiment. In the case of the low concentration, crystallites appear to be too far apart to 

cause significant Oswald ripening.  

 

Fig. 5 The evolution of 1/β with heating time at different temperatures and different Cu2+ concentrations calculated 

from the instrument corrected peak widths 

Kinetics: In order to quantify the reaction kinetics of the phases formed during the supercritical 

synthesis of Cu particles in methanol, the Gualtieri model has been fitted to the refined XRD 

data. The Gualtieri model35 assumes that the probability P that N nuclei has formed to the time t 

can be expressed by a simple Gaussian distribution: 

𝑃𝑃𝑁𝑁(𝑡𝑡) = exp �− (𝑡𝑡−𝑎𝑎)2

2𝑏𝑏2
�   (2) 

Where a is the position of the maximum of the Gaussian curve and b is the variance of the 

distribution, related to the width of the curve. The total number of nuclei N at time t can then be 

expressed as the cumulative distribution function: 

𝑁𝑁(𝑡𝑡) = 1
1+𝑒𝑒𝑒𝑒𝑒𝑒�−�𝑡𝑡−𝑎𝑎𝑏𝑏 ��

   (3) 
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Furthermore, a is related to the rate of nucleation, kn = 1/a.  

An expression very similar to the Johnson-Mehl-Avrami-Kolmogorov (JMAK)47-49 equation is 

used to describe the nuclei growth process and the total expression for the extent of reaction, α, is 

then the combination of available nuclei and their growth: 

𝛼𝛼(𝑡𝑡) = 𝑁𝑁(𝑡𝑡 − 𝑡𝑡0) ∙ �1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �− �𝑘𝑘𝑔𝑔(𝑡𝑡 − 𝑡𝑡0)�
𝑛𝑛
��  (4) 

Where kg is the rate of growth and n is growth dimension (n = 1 for rods and needles, n = 2 for 

plates, and n = 3 for isotropic particles). Furthermore the variable t0 has been introduced to 

account for the time before the reaction is initiated.   

In the analysis presented here, the scale factors obtained from sequential Rietveld refinement, 

normalized to the [0,1] range, are used to describe the extent of reaction α. In the case where the 

scale factor decrease over time, the extend of reaction is simply described by 1 - α. Furthermore 

n = 3 is assumed for all reactions, as TEM images and Rietveld refinements indicate isotropic 

particles. The normalized scale factors along with the Gualtieri fits are shown in Fig. 6, together 

with the angle-independent integral breadths, β∙cos(θ), obtained from Rietveld refinement. The 

kinetic analysis has been omitted for the experiments performed at 400 °C and 450 °C, as the 

reactions occur faster than the time resolution allows to follow. A summary of the kinetic 

analysis is provided in Table 1. 
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Fig. 6 Normalized scale factor and angle independent integral breadth as function of time for the 250 °C, 300 °C, 

and 350 °C reactions. The fitted Gualtieri models are superimposed on the corresponding scale factors. The 

Coefficients of determination, R2, are summarized in Table 1. Error bars have been omitted, as they are insignificant 

compared to the spread of the data points. 

At 250 °C the growth rate appears to be the rate-determining step, as kg < kn. This fits with the 

“bend” observed at 10 min; the majority of the CuO nuclei form within the first 10 min, at which 

point the reaction is limited by the growth of the existing nuclei. It is noticed that α starts 

decreasing slightly after 35 min, which could be explained by sedimentation of the particle at the 

bottom of the capillary. If the capillary were not fully illuminated by the X-ray beam, this would 

lead to a decrease in the available volume of scattering particles. The angle-independent integral 

breadths, and inversely the particle size, appear more or less constant for the CuO phase at 

250 °C and fluctuations are deemed insignificant compared to the data point spread.  

The reaction kinetics behave quite differently at 300 °C, where the three phases CuO, Cu2O, and 

Cu can be followed. The formation of CuO happens very fast and only the decrease in scale 

factor can be followed, corresponding to the reduction to Cu2O. The normalized scale factors of 
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the CuO and Cu2O phases intersect at α = 0.5, which indicates that the Cu2O phase is formed 

from the existing CuO. It is postulated that the CuO particles are re-dissolved before being 

reduces to Cu2O, which fits the observed trend for the integral breadths in Fig. 6 at 300 °C, 

namely that the CuO particles decrease in size while the Cu2O particles appear to increase in size. 

At about 12 min the increase in the Cu2O scale factor stops, coinciding with the appearance of 

Cu. The Cu scale factor increase rapidly from 12 min to 25 min, where the rate stagnates. This is 

close to the point where CuO is no longer visible in the XRD pattern. After this point Cu2O 

decrease slowly and Cu increase slowly, but without reaching full conversion. The following 

explanation is provided: Small CuO particles form fast, beyond the time resolution, and are then 

steadily re-dissolved and reduced to Cu2O. The concentration of Cu2O increase and some of the 

particles grow large due to Ostwald ripening. After roughly 10 min Cu particles start forming, 

possibly due to a sufficiently high Cu2O concentration. At 15 min a steady-state is achieved, 

where Cu particles form from small Cu2O particles as fast as CuO is reduced, which is also 

confirmed by the kinetic analysis, showing that kn is significantly larger than kg. At 25 min new 

Cu2O is no longer formed, and readily reducible Cu2O is depleted, leaving large Ostwald ripened 

Cu2O particles. This is supported by TEM and EDX images (Fig. 8), where clusters of Cu2O 

particles are observed alongside large cubic Cu2O particles.  

At 350 °C very small particles of Cu2O form rapidly, and are quickly reduced to Cu. The scale 

factor of Cu2O and Cu intersect at α = 0.5 within few minutes. From the decrease in integral 

breadths it is suggested that the smallest Cu2O particles are reduced first, as this would lead to an 

increase in the average particle size. From the kinetic analyses, it can be deduced, that a surplus 

of Cu nucleation sites are available, meaning that the reaction is only limited by the particle 

growth rate.  
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It is difficult to distinguish whether the reactions are solid state transformation or solution-

mediated nucleation, or perhaps a combination. For a two-phase phase transformation one would 

expect the extend-of-reactions to cross at exactly α = 0.5, as one is converted to the other in a 1:1 

ratio. For a solution-mediated reaction the extend-of-reactions would be expected to cross at α < 

0.5, as one phase turns amorphous before recrystallizing as the new phase. However, a cross at α 

= 0.5 is not enough to distinguish between the two mechanisms, as the dissolve-recrystallize 

mechanism might be faster than the XRD time-resolution so that the crossing occurs at α ≲ 0.5. 

Table 1 Summary of the kinetic analysis. 

Temperature Phase R2 t0 (min) a (min) b (min) kn (1/min) kg (1/min) 
        

250 °C CuO 0.889 0(1) 4(2) 15(2) 0.2(1) 0.15(3) 
        

300 °C 
CuO 0.994 1.7(2) 5.2(2) 3.5(1) 0.192(9) 0.42(5) 
Cu2O 0.986 0.0(8) 5.4(8) 3.2(1) 0.19(3) 0.23(5) 
Cu 0.996 7.7(4) 6.8(6) 12.9(5) 0.15(1) 0.084(3) 

        

350 °C Cu2O 0.998 1.7(3) 2.8(3) 0.25(2) 0.36(4) 0.23(1) 
Cu 0.985 2.4(2) 0 2.41(8) -- 0.30(2) 

 

The performed in situ powder X-ray diffraction experiment cannot identify the reduction 

mechanism, responsible for reducing Cu2+ to Cu0,whether it is hydrogen (H2), carbon monoxide 

(CO), methane (CH4), or hydroxide ion (OH-) dissociated from supercritical methanol. For 

further understanding the reduction mechanism of copper (II) nitrate in supercritical methanol, in 

situ powder X-ray diffraction could be combined with complementary techniques, for instance 

infrared spectroscopy. 

Supercritical flow synthesis: The in situ crystallization study of Cu can be regarded as guidance 

for the up-scaled synthesis using a supercritical continuous flow apparatus, which may be used 

for industrial scale production of copper nanoparticles. In order to verify the application of the in 
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situ research, two flow synthesis experiments were carried out at 350 and 400 °C. At 350 °C the 

reaction time is expected to be too short in the flow setup to produce pure elemental Cu, while at 

400 °C an almost pure Cu0 phase is expected. The PXRD patterns and the corresponding 

Rietveld models are shown in Fig. 7. The main crystalline phase produced at 350 °C is Cu2O, 

and a small amount of CuO phase, disclosed by the peak at 2θ = 38.7°, as seen in Fig. 7. 

Increasing the reaction temperature to 400 °C results in elemental copper as the main product, 

with an apparent size of 29.9(1) nm and a minute impurity of Cu2O (<0.1 wt%), observed at 2θ = 

36.4°. The peak width of Cu2O suggest very small crystallites and they could originate from an 

incomplete reduction or from re-oxidization of the Cu nanocrystallites. The results of the flow 

synthesis generally corresponding very well with the expectations from the in situ experiments. It 

is worth noting that the flow reactor and in situ setup deviated at two important points; 1) heating 

rate and 2) residence time. The heating rate for the in situ setup is about 28 K/s, while that of the 

flow reactor is in the order of 500 K/s. In the flow synthesis, the residence time is decided by the 

flow rate and the reactor volume, but also in part from the reaction temperature and pressure. The 

following equation can be used to calculate the residence time t:  

 𝑡𝑡 = 𝑉𝑉r
𝐹𝐹
∙ 𝜌𝜌T
𝜌𝜌298

  (5) 

Where Vr is reactor volume, F is total flow rate inside reactor, ρT and ρ298 are the fluid densities 

at the reaction temperature and room temperature at the reactor pressure. The density of 

supercritical methanol at 11 MPa is determined from a linear interpolation based on values from 

literature50 to 0.087 g/cm3 (350 °C) and 0.073 g/cm3 (400 °C). The calculated residence time is 

underestimated compared to the real residence time, because the mixed fluid temperature is 

gradually changed. Calculated residence time at 350 °C and 400 °C gives 3.2 s and 2.7 s, 

respectively. By comparing the calculated residence time of the flow reactor to the reaction time 
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found from the in situ experiments, it is possible to understand the observed Cu2O phase formed 

at 350 °C and it could also explain the minute amount of Cu2O in the 400 °C experiment. 

According to the in situ experiments, a slightly longer reaction time or higher temperature would 

result in pure elemental Cu. There are several methods to prolong residence time, e.g. reduce the 

flow rates from the pumps, increase the length of the reactor, or using a larger tubing diameter.  

 

Fig. 7 PXRD and Rietveld refinement results of products synthesized from continuous flow reactor at different 

reaction temperatures and at 11 MPa. The raw data are shown as black open circle, along with the Rietveld model fit 

(red) and the difference curve Iobs-Icalc (blue). In order to show data at 350 °C clearly it has been scaled by a factor of 

two. The reliability factors at 350 °C are Rwp: 15.3 %, χ2: 1.74, and at 400 °C are Rwp: 16.1 %, χ2: 2.14. 

TEM pictures are presented in Fig. 8 showing the morphology and size distribution of the 

products synthesized at 350 °C and 400 °C. For products synthesized at 350 °C, a spherical 

morphology is observed with 'tentacles' surrounding the core and at higher magnification the 

'tentacles' are revealed to be constituted of a large amount of nano size particles, as seen in Fig. 8 

(a). At 400 °C an interesting conversion of the morphology occurs, as shown in Fig. 8 (b). 

Irregular aggregates form from relatively small nanoparticles, as shown in Fig. 8 (c). Energy-

Dispersive X-ray spectroscopy (EDX) and High Angle Annular Dark Field (HAADF) collected 
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on the sample prepared at 350 °C, see Fig. 8 (d), is affirming the presence and the morphology of 

the Cu2O, the ratio between Cu and O is 2.3:1.0, although it is acknowledge that the accuracy of 

the EDX elemental analysis is generally low for light elements. The elemental EDX analysis is 

summarized in the supporting information. The size distribution of copper nanoparticles obtained 

at 400 °C is measured by hand from 128 particles and the result is plotted in Fig. 8 (e). TEM 

gives an average number weighted particle size of 21.4(3) nm, obtained from log-normal 

distribution fit, this value is in good agreement with volume weighted crystallite sizes extracted 

from PXRD (29.9(1) nm).  

 

Fig. 8 TEM results of products synthesized at (a)350 °C, (b) and (c) 400 °C (d) EDX scanning map of products 

collected at 350 °C and (e) size distribution of products synthesized at 400 °C and 11 MPa 
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Conclusion 

Zero-valent copper crystallites were synthesized from Copper (II) nitrate in supercritical 

methanol. During the process, three different intermediate crystallite phases were observed using 

in situ in-house X-ray powder diffraction with a 19 s time resolution, allowing to follow the 

evolution of phase transformations: CuII
2(OH)3NO3 → CuIIO → CuI

2O → Cu0. The crystallite 

size increased with increasing reaction temperature and with increasing Cu2+ concentration in the 

precursor. 

The Gualtieri kinetic model was used to investigate the reaction kinetics of the reduction process, 

using the normalized scale factors obtained from Rietveld refined in situ PXRD data as the 

extend-of-reaction. The reaction kinetics and pathway were found to depend strongly on reaction 

temperature for the experiments performed at 250 °C, 300 °C, and 350 °C, however, at high 

temperatures (400 °C and 450°C), a higher time resolution is needed to explore their kinetics. 

The in situ results were successfully used as guidance for an up-scaled synthesis using a 

continuous supercritical flow reactor. Copper nanoparticles were confirmed by PXRD and TEM 

images with a number weighted average size of 21.4(3) nm. 

The work has demonstrated the power of in situ X-ray diffraction investigations and the ability to 

perform these experiments in the home laboratory, without the use of synchrotron radiation. The 

simple methods demonstrated here can be spread more widely and significantly speed up the 

discovery and tailoring of advanced functional materials. 
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Synopsis: The evolution of different copper phases with changing valence in supercritical 

methanol is observed in situ using an in-house powder X-ray diffraction setup. Varying the 

reaction temperature between 250 °C and 450 °C result in different observable phases, and based 

on the results the following phase transitions are observed: Cu2+
2(OH)3NO3 → Cu2+O → Cu+

2O 

→ Cu0. 
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