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ABSTRACT  

The development of nanomaterials often relies on wet-chemical syntheses performed in reflux-

setups using round-bottom-flasks. An alternative approach to synthesize nanomaterials is here 

presented that uses glass tubes designed for NMR analysis as reactors. This approach uses less 

solvent, uses less energy, generates less waste, provides safer conditions, is less prone to 

contamination and is compatible with high throughput screening. The benefits of this approach are 

illustrated by an in breadth study with the synthesis of gold, iridium, osmium and copper sulfide 

nanoparticles.  

 

Introduction. Nanomaterials (NMs) are used in multiple applications ranging from catalysis, 

optics, medicine to water/air treatments.1-3 Due to strong structure-property relations on the 

nanoscale, the careful and rational synthesis of NMs is important. Consequently, the controlled 

syntheses of NMs has been increasingly addressed as a key component of Green Chemistry.4-8 The 

need for protocols generating less waste and increasing safety has been stressed.6,7 A focus is often 

given to the solvents and reactants to select,9  and the use of microwaves or ultrasound, considered 

more energy efficient.8 The development of setups such as flow (micro)reactors is also useful to 

minimize waste and simplify NM synthesis.10-12 However, ‘‘despite these advantages, microfluidic 

systems have yet to be extensively adopted by the colloidal nanomaterial community’’.13 The 

above strategies often require specific equipment and expertise, which may account for their 

relatively limited implementation. Simpler miniaturized systems with high throughput potential 

would gain to be proposed.  
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Wet-chemical methods often show promising scalability while being easily implemented in most 

modern laboratories.14-16 NMs with various compositions, sizes and structures can be prepared by 

wet-chemical syntheses, which results in tuned NM properties to best match specific requirements 

for various applications.16-18 The control over NM features is achieved by tuning experimental 

parameters, e.g. temperature, concentration of reactants, type of reactants or solvent composition. 

However, studying and understanding how synthetic parameters influence the NMs produced is 

often limited by the time and resources required to make a single batch of NMs. In a textbook 

approach using reflux-setups, 10-100 mL of solvent is typically required and only one experiment 

can be performed every few hours and per setup, see Scheme 1. To understand how NM structures 

change with synthetic parameters, alternative high throughput strategies are needed.  

As an alternative to the conventional reflux-setup, we here investigate the use of glass tubes 

designed for nuclear magnetic resonance (NMR) measurements as miniaturized reactors,19,20 

Scheme 1 and details in the Methods section. The multiple advantages of this simple alternative 

in Green Chemistry for NM synthesis6,8 are illustrated by an in breadth study with the preparation 

of four different nanoparticles (NPs): gold (Au), iridium (Ir), osmium (Os) and copper sulfide (Cu2-

xS). Although precious metal (PM) based NPs are made of non-renewable resources, they remain 

key materials in multiple applications,7 e.g. to develop fossil-fuel-free technologies for energy 

conversion,17 and as models to understand NM formation.21 Even minor improvements in PM NP 

syntheses can have significant scientific, economic and ecologic impact. 
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Scheme 1. Moving from round-bottom-flask to NMR tube glassware for greener NM syntheses 

and studies. 

Results and Discussion 

Au NPs. Au NPs have been a case study for Green Chemistry in NM synthesis.7 In particular, the 

Turkevich synthesis is widely reported, where typically 0.1-0.5 mM HAuCl4 is reduced in water 

close to the boiling point by trisodium tricitrate.22,23 The investigation of the many parameters 

controlling the properties of the Au NPs22 would gain from high throughput approaches using less 

solvent than the typical 200-500 mL required. The Au NPs obtained performing the Turkevich 

synthesis in 500 mL (reflux-setup) or 0.2 mL (NMR tube) lead to the same NP size ca. 13 nm 

within the error of measurement by TEM, Figure 1. A range of alternative Au NP syntheses use 

organic solvents such as oleylamine and relatively high temperature.24 Syntheses at higher 

temperature, e.g. 200 °C, are possible since nut and ferrule can be used to close the NMR tube, 

Figure 1C. 
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Figure 1. TEM micrographs of Au NPs obtained from 0.125 mM HAuCl4 in water in presence of 

2.2 mM trisodium citrate at 100 °C for 1 hour for a total volume of (A) 500 mL and (B) 0.2 mL. 

(C) TEM micrographs of Au NPs obtained using oleylamine at 200 °C as solvent in 0.3 mL. Insets 

are pictures of the resulting colloidal dispersions. TEM acquired at different magnifications and 

the related size distribution are available in Figure S1. (D) Table of the related size distributions. 

 

Ir NPs. We reported a surfactant-free colloidal synthesis of PM NPs directly relevant for the 

industry,17,25 performed at low temperature (< 80 °C) in alkaline mono-alcohols like methanol or 

ethanol, leading to high catalytic activity for the oxygen evolution reaction,17,26 without intensive 

washing or purification steps, thus already addressing few Green Chemistry principles for NP 

synthesis.6,7,27 The Ir NPs are in the range 1-2 nm across a wide range of experimental parameters.28 

To possibly achieve size control, investigating high concentrations of precursor and long synthesis 

time are reasonable options. Using a microwave or even a classical reflux-setup, it is arguably 
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challenging to investigate these hypotheses due to safety concerns, higher precursor cost and 

pressure on lab space and equipment access.  

Using NMR tubes, safe and simple time resolved studies over weeks of synthesis using high 

precursor concentrations (100 mM IrCl3) are easily performed, see Figure 2. In line with previous 

reports using microwave synthesis17 or UV-vis induced synthesis28 it is found that Ir NPs with an 

average size of 1.6 nm are obtained. A significant achievement here is that the NPs are obtained 

at high concentration (100 mM) of precursor. This result underlines the relevance of this recently 

reported Ir NP synthesis to scale up the synthesis of extremely active catalysts for the oxygen 

reduction reaction.17,29 

 
Figure 2. (A) General conditions for Ir NP synthesis. The NMR tube is 3 mm in diameter and the 

magnetic stirrer bar is 1.5 mm long. (B-C) TEM micrographs at different magnifications of Ir NPs 

obtained from 100 mM IrCl3 in 1 M NaOH in methanol at 60 °C for a week for a total volume of 

0.2 mL. See also Figures S2-S3. 
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Figure 3. TEM micrographs of Os NPs obtained from 100 mM OsCl3 in methanol:water (1:2, v:v) 

at 85 °C for a week, for a total volume of 0.2 mL. Size distribution are available in Figure S4. 

 

Os NPs. Os NP synthesis has received less attention than other PMs.30-32 Taking advantage of the 

small volume of solvent needed, we investigated the surfactant-free synthesis of Os NPs using a 

high precursor concentration in simple low boiling points solvents such as a mixture of methanol 

and water. TEM micrograph of the resulting materials obtained for a one-week long synthesis 

starting with 100 mM of OsCl3 show that small size NPs, ca. 1.6 ± 0.4 nm in diameter, are obtained 

Figures 3. Although Os NPs are made of non-earth abundant element, the small size Os NPs 

obtained by a surfactant-free approach are relevant to develop more sustainable energy conversion 

systems to move away from fossil-fuels based energy.33-35 

 

 

6 nm
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Figure 4. Characterization of Cu2-xS NPs obtained in an NMR tube setup. (A) Using a lab-source 

XRD instrument (blue) compared to a calculated diffraction pattern of β-chalcocite taking the 

space group P63/mmc (black). (B) TEM micrographs of the washed NPs. (C) F(Q) and (D) PDF 

(G(r)) of X-ray total scattering data. 

 

Cu2-xS NPs. Cu2-xS NPs have applications in batteries,36,37 sensors38 and as an oxygen evolution 

reaction catalyst.39 The analysis with a lab-source XRD instrument of the NPs synthesized in the 

NMR tubes suggests that small Cu2-XS NPs were formed, Figure 4A. TEM analysis shows a size 

of 4.5 ± 0.9 nm, Figure 4B and Figure S5. While some features are observed in the XRD pattern 

in Figure 4A, the broadening of Bragg peaks from these small NPs makes any structural 

investigation challenging. In contrast, the use of the NMR tube makes further characterization 

straightforward, e.g. using synchrotron scattering techniques, as many measurements can be done 

directly on the sample in the NMR tube. For instance, the as-prepared samples in closed NMR 

tubes can be sent to synchrotron for X-ray total scattering with pair distribution function (PDF) 

analysis. The PDF can be understood as a histogram of atom-atom distances in the material. In 

Figure 4C,D are reported the F(Q) (data in reciprocal space) and G(r) (data in real space) of the 
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reaction solution after background subtraction. The PDF analysis confirm that the NPs can be 

described by a β-chalcocite model in space group P63/mmc40 with deviations in the local structure, 

Figure S6. Furthermore, the structure obtained is the same whether the reaction is performed in 

the NMR setup or a conventional reflux setup. 

 

Benefits. The use of NMR tubes readily lead to several advantages in terms of synthesis strategy. 

Using 3 mm diameter NMR tubes, allows to perform syntheses with volume as low as 0.1 mL, 

Figure 2. This low volume reduces the amount of waste generated and allows investigating the 

effect of high concentration solutions towards scaling-up.7,16 Sample holders can be designed to 

perform several experiments at a time (up to 9 experiments per holder in the current design, Figure 

S7) allowing high throughput screening while requiring minimal lab space. Small volume also 

allows safer operating conditions. As a result, both long(er) and an increased number of 

experiments can be performed with little equipment required, while optimizing the energy needed 

to heat up the solutions. Temperature control is achieved by either using the temperature control 

of a heating plate or using dedicated heating cartridge with a temperature controller to control the 

heating rate, Figures 5 in the Methods section. Septa can be used to close the NMR tubes to control 

the atmosphere, alternatively, nut and ferrules can be used for higher pressure experiments. The 

length of the NMR tube provides an area of contact with cool air to function under reflux 

conditions. This area can also be cooled down, e.g. with a fan or dedicated water-cooling devices. 

It is worth stressing that the synthesis can be performed with stirring by simply using a 

commercially available stirrer bar (e.g. 8 mm x 1.5 mm) in the NMR tube, Figure 2. 

Further considerations. NMR tubes have previously been used as reactors for in situ studies at 

synchrotrons or for NMR characterization.20,41 However, they have often been used not as a 
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preferred reaction vessel but to make the experiment compatible with a given type of measurement, 

e.g. NMR. The experimental conditions selected to perform these specific experiments are often 

the results of screening performed on larger scale syntheses. A drawback of screening studies 

developed and optimized in laboratories is thus that they are often challenging to directly adapt to 

the requirements and limitations of synchrotron setups. For example, PDF measurements are best 

performed on samples with high concentration of the material of interest, especially when 

considering poorly scattering elements like transition metal sulfides. Here, the NMR tube setup 

offers the option to readily investigate high concentration of materials during parametric studies 

performed in home laboratories (outside synchrotrons facilities). Ultimately, this allows 

comparing more directly selected measurements performed at synchrotron facilities with larger 

screening experiments done in a chemistry lab. This further enables researchers to design 

experiments for even more complex in situ analysis of various reactions.19,42,43

NMR tubes make it possible to use a clean vessel for each experiment. This alleviates the need to 

clean glassware, thus limiting the chemical waste generation related to cleaning steps, e.g. using 

aqua regia for Au NPs.44 Importantly, it alleviates the question of cross contamination, thus 

addressing the well-known issue of reproducibility in NM science, often ascribed to chemical 

impurities from various sources.45 NM synthesis can be sensitive to variations of room temperature 

or room light, and the stability overtime of the chemicals and/or precursors solutions can be an 

issue.46 These variables may be challenging to control across long periods of time when a study 

would last for instance several weeks of months. This drawback is alleviated with NMR tubes as 

reactors since several experiments including controls can be performed at the same time. Energy 

is saved because several experiments are heated all at once. The ease of simply performing 
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relatively long experiments is also a positive feature towards improved yield of the precursor 

conversion to NMs. 

It could be argued that due to the small diameter of the NMR tubes, capillary effects might come 

into play and the actual temperature-pressure during reaction might not be well-known. This issue 

of variability in physical parameters of reactors, e.g. heat transfer properties, stirring etc., is the 

same for most scaling up to date, e.g. when moving from reflux-setups to larger scale reactors. In 

this respect, the use of NMR tubes reactors remains a convenient and green approach to (pre)screen 

the influence of experimental parameters.  

A final practical consideration is storage and reuse. The small NMR tubes are easily stored due to 

their small diameter and length. The 18 cm long NMR tube are easily cut with a commercially 

available glasscutter to save more space. The open end of the glass can be sealed by melting with 

a torch (e.g. butane torch), for instance when toxic reagents and/or air sensitive compounds are 

involved. The samples can be safely and space-efficiently stored for further analysis. Additionally, 

the cut section of the NMR tube can be cleaned and sealed by melting one extremity to be re-used 

as a new miniaturized vessel. 

 

Conclusions. A simple alternative to the classical round-bottom flask synthesis approach to 

prepare NMs is presented. An in breadth study of four different nanomaterials is presented 

covering gold, iridium, osmium and copper sulfide nanomaterials. The general approach is relevant 

for the synthesis of other nanomaterials like palladium, platinum or silver that would be performed 

in similar solvent and/or for the same temperature range.17,47 By using commercially available 

NMR tubes, a miniaturized vessel suitable for the synthesis of various NMs is readily obtained. 

This approach complies with several of the principles of Green Chemistry for NM synthesis.6,7 
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This approach is therefore directly relevant for academic research and research and development 

but also educational purposes. 

With the increasing interest in machine learning and artificial intelligence, large datasets are 

needed to feed algorithms.48 The present approach allows for high throughput (pre)screening. 

Multi-technique characterization remains a general limiting factor in nanoscience49 but the 

expected improvements in this area of research are promising.6,19,41,50 If characterization was kept 

minimal in this in breadth approach, enough material is still obtained for characterization by TEM, 

XRD or PDF and naturally NMR, high resolution TEM or UV-vis characterization with an 

appropriate setup. It is expected that the simple alternative proposed here will also be relevant for 

various syntheses of molecules and other chemical reactions.  

 

Methods 

Chemicals 

All chemicals were used as received: HAuCl4
.3H2O (≥99.9% trace metals basis Merck); trisodium 

citrate (99%, Alfa Aesar); IrCl3 (99.8%, metals basis, Alfa Aesar); OsCl3
.xH2O (Sigma-Aldrich); 

NaOH (ACS, Reag. EMSURE®, Merck); methanol (≥99.9%, HiPerSolv Chromanorm®, VWR); 

water (Milli-Q, Millipore, resistivity >18.2 MΩ·cm, total organic carbon (TOC) <5 ppb); 

oleylamine (OLA, 70%, technical grade, Sigma Aldrich); gold(III) acetate (Au(ac)3, 99.9% metal 

basis, Alfa Aesar); 1-dodecanethiol (>98%, Sigma), n-Hexane (≥97%, HiPerSolv 

CHROMANORM®, VWR), oleic acid (90% Technical grade, Sigma), Cu(II) acetate (99% trace 

metals basis, Sigma), acetone (Chemex Products Aps). 

Materials 
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NMR tubes (Wildmad®, 3 mm outer diameter, 0.27 mm wall thickness, Type 1 Class A); magnets 

(Fisherbrand PTFE Stirrer bar, 8 mm x 1.5 mm); Copper or nickel transmission electron 

microscope (TEM) grids (Quantifoil or Agar Scientific), were all used as received. The synthesis 

was performed in the configurations detailed below in Figure 5 using a homemade NMR tube 

holder detailed in Figure S7. It can also be performed by placing the NMR tubes in a temperature 

controlled water or oil bath. 

 

Figure 5. Photographs of different setups using a 3 mm NMR tube as reaction vessel (a) using a 

hot plate, (b) using a heating cartridge, (c) using a Swagelok nut and ferrule. The stirrer bar is 1.5 

mm long, the NMR tube 3 mm in diameter. See technical details in Figure S7. 

Syntheses. 

Note: Some reactions can be dangerous, here in particular the synthesis of Os nanoparticles (NPs), 

since OsO4 can easily form and is highly toxic. The synthesis must be performed in a fume-

cupboard. Conveniently, the synthesis can be performed in NMR tubes closed with a cap (red cap 

Thermometer

Hot plate

NMR tube

Stirrer

Heating
cartridge

a) b)

Swagelok
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provided upon buying the NMR tubes, or further septa fitting the NMR tubes can be purchased: 

Precision seal rubber setpa cap (for 3 mm OD tubes and ampoules) pack of 100 ea) and further 

sealed with Parafilm®. Alternatively, the NMR tube can be melted and sealed for the experiment 

or at the end of the experiments, e.g. with a butane torch. Otherwise nuts and ferrules (Swagelok) 

can be used. These opportunities to seal the vessel are also relevant for further storage. 

Au NP synthesis. The Au NPs were obtained following the general procedure for the Turkevitch 

synthesis.22,23 The Au NPs were produced from a mixture of 0.125 mM HAuCl4 with 2.2 mM 

trisodium citrate in water, for a total volume of 500 mL in a reflux setup or 0.2 mL in a 3 mm 

diameter NMR tube. The solution containing trisodium citrate was pre-heated at 100 °C before the 

gold-containing solution was added (the volume before gold injection was 499 mL or 0.1 mL). In 

both cases, a hot plate was used to heat up the solution to 100 °C and the reaction after adding gold 

was left to pursue for 1 hour at this temperature of 100 °C with a stirring rate set at 1000 rotation 

per minutes.  

Alternatively, the Au NPs were obtained using organic solvents.24,51 To a glass vial, 9 mL 

oleylamine (OLA) and 25 mM Au(ac)3 were added. The precursor solution was heated to 50 °C 

under air, while stirring at 400 rotation per minutes (rpms) until the metal ion precursor was 

dissolved. 4.5 mL of the precursor solution was taken to a separate vial, into which 25 μL 

dodecanethiol (DDT) was added and further heated to 50 °C under air, while stirring at 400 rpms. 

0.3 mL of the solution was added to an NMR tube and closed by a Swagelok nuts and ferrules. 

The NMR tube was placed in the heating block, where the solution was heated to 200 °C at a 

heating rate of 7 °C min-1 and maintained at this temperature for 1 hour. The solution was cooled 

to room temperature. The resulting solution was added to a centrifuge tube with 20 mL hexane and 
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was spun at 10 000 rpms for 10 minutes to precipitate the NPs. The particles were washed with a 

3:1 ratio of ethanol: hexane three times. The particles were then suspended in 5 mL of hexane for 

future use. 

Ir NP synthesis. The Ir NPs were obtained following the general procedure previously 

reported.17,28,52 A mixture of 100 mM IrCl3 in 1 M NaOH in methanol for a total volume of 0.2 

mL was placed in a 3 mm diameter NMR tubes with a magnetic stirrer bar. The filled NMR tube 

was placed in a dedicated holder as presented in Scheme 1 and Figure 5. A hot plate was used to 

heat up the miniaturized vessel to 60 °C for up to 1 week with a stirring set at 1000 rotation per 

minutes. The solution, which is initially light brown, turns black over time, see Figure 2.  

Note: We previously used 4.4 mM in 10 mL17 or 27 mL52 to get enough mass of iridium, 8.5 mg 

and 23 mg respectively, for electrochemical testing. Using here ca. 20 times less solvent, the same 

mass of Ir NPs can be obtained due to the high concentration used. 

Os NP synthesis. The Os NPs were obtained from a mixture of 100 mM OsCl3 in methanol:water 

(1:2; v:v) for a total volume of 0.2 mL placed in a 3 mm diameter NMR tube with a magnetic 

stirrer bar. The filled NMR tube was placed in a dedicated holder as presented in Scheme 1 and 

Figure 5. A hot plate was used to heat up the miniaturized vessel to 85 °C for 1 week with a stirring 

set at 1000 rotation per minutes.  

Cu2-xS NP synthesis. To form copper sulfide NPs, a synthesis reported in the literature was 

modified.53 A copper oleate precursor was obtained by heating 1 mmol of Cu(II) acetate with 2 

mL of oleic acid in an oil bath at 150 °C for 1 hour. To 2 mL of copper oleate, 0.2 mL DDT was 

added, resulting in a viscous white precipitate. The mixture was mixed using a table-top vortex to 

ensure solution homogeneity. The copper oleate and DDT mixture was then added to 9.5 cm x 3 
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mm NMR tubes (obtained after cutting the initially 18 cm long tubes with a glasscutter) with 

approximately 0.25 mL using a needle and luer lock syringe. The NMR tubes were filled with N2 

and capped with a 3 mm silicone septa. The bottom of the septa was secured with epoxy and then 

wrapped in Teflon tape. The NMR tubes were then put into the heating setup equipped with a 

heating cartridge and a type J thermocouple that were plugged into a Cole parmer Digitroll II 

temperature controller. The samples were heated with a ramp rate of 185 °C h-1 to a final 

temperature of 200 °C and held at 200 °C for 3 hours before being cooled to room temperature.  

Two identical samples were prepared in NMR tubes so that three different analyses could be done: 

lab-source XRD, TEM and PDF analysis of X-ray total scattering data collected at 11-ID-B at 

Argonne National lab. Therefore, the NPs in one of the NMR tubes were washed by transferring 

the reaction liquid using a needle and a luer lock syringe to a 50 mL centrifuge tube. Approximately 

5 mL of hexanes was used to rinse the NMR tube to ensure that as much of the reaction liquid as 

possible was transferred for washing. Acetone was then added to the NMR tube and it was 

centrifuged for 10 min at 9000 rpm. Particles were redispersed in hexanes and then washed one 

more time with acetone for 5 min and again with ethanol for 10 minutes before lab-source XRD 

and TEM analysis.   

Characterisation. 

TEM microscopy. TEM microscopy was performed on a JEOL 2100 operated at 200 kV. The as 

prepared or washed Au, Ir, Os or Cu2-xS NP dispersions were dropped on TEM grids and images 

recorded in at least three different and randomly selected areas of the grids at least at three different 

magnifications. The size of the NPs was evaluated by measuring the diameter of at least 100 

individual NPs for each sample using the software ImageJ. 
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Powder X-ray diffraction. The Cu2-xS NPs were dispersed in hexanes and drop cast onto a zero-

background substrate for analysis on a Bruker D8 diffractometer with a Cu anode equipped with a 

Ni filter. The powder diffraction data was collected in Bragg-Bretano geometry from 10-70 

degrees 2θ.  

X-ray total scattering measurements. Data were measured at the 11-ID-B beamline at Argonne 

National Laboratory. Measurements were done using the beamline mail-in programme and remote 

beamline operation due to the Covid-19 pandemic. The samples were shipped from Copenhagen, 

Denmark to Argonne National Lab, USA in the NMR tube closed with a silicone septum, sealed 

with epoxy and Teflon tape. A sample for subtraction of the signal from the solvent was prepared 

by mixing 1.8 mL oleic acid and 0.2 mL of DDT and filled in NMR tubes. The reaction solution, 

solvent sample and an empty capillary were placed in an aluminum block for data collection at 

room temperature. The X-ray wavelength was 0.2115 Å and data were collected using a Perkin 

Elmer detector (200 um x 200 um pixel size) with a detector distance of 183.5 mm. Data were 

collected on the empty capillary, solvent and sample for 5 min. The data were integrated using 

Fit2D.54 The data obtained from the glass capillary were subtracted from the data obtained from 

the reaction solution and solvent samples before using xPDFsuite55,56 to subtract the signal from 

the solvent from the reaction solution and generate the PDF. A Qmax instrument of 18.5 Å-1, Qmax 

18 Å-1, Qmin 1.5 Å-1, and rpoly 1.1 were used to generate the PDF.   

PDF refinements. CeO2 was used for the calibration for detector distance as well as to determine 

the Qbroad and Qdamp parameters of the instrument. The PDF from the CeO2 standard was modelled 

in the range from 1.3 Å to 60 Å with a Qbroad value of 0.0385 Å-1 and Qdamp value of 0.0373 Å-1 

using the CeO2 crystal structure model. Modelling of the sample PDF was done using PDFgui 

using the β-chalcocite structural model in space group P63/mmc. Below are Tables S1-S2 of 
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refined parameters. Two refinements were done at two different r-ranges. The first was done using 

the chalcocite structural model refined  to the PDF in the range 2 Å to 30 Å, Table S1. The second 

was done using the chalcocite structural model refined to the PDF in the range 5.6 to 30 Å. The 

delta2 parameter (describing correlated motion) and spdiameter were fixed at values refined in the 

first refinement, Table S2. 
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SYNOPSIS 

Small diameter NMR tubes are ideal reactors to implement the Green Chemistry principles in 

wet-chemical nanomaterial synthesis studies. 


