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Decomposition mechanism and morphological evolution of in-situ 
realized Cu nanoparticles in Cu complex inks  

Nihesh Mohan*a, Juan Ignacio Ahuir-Torres b, Sri Krishna Bhogarajua, Ralf Weblerc, Hiren Kotadiab, 
Huseyin Erdogand and Gordon Elger a 

Cu complex inks are composed of Cu salts as metal precursors and complexing agents that effectively reduce the 

decomposition temperature of the Cu salts. The thermal decomposition of the complexed Cu salt provides the metal for the 

in-situ formation of nanoparticles. Using Cu formate tetrahydrate as metal precursor, the effect of complexing agent, i.e. 

amino-2-propanol and hexylamine, its molar ratio compared to the Cu salt, the predrying and sintering parameters, i.e. 

temperature and ramp rate, and additional organics solvents are investigated to understand the influence on morphology 

of in-situ generated Cu nanoparticles. The additional solvents are used to adjust the viscosity for ink-jet printing and to 

control the formation of the nanoparticles. A pre-drying step with slow ramp rate (5°C/ min) is required before the sintering 

process to effectively control the evaporation of organics. However, the slow pre-drying process lead to the growth of  in-

situ genrated particles into the microscale range (2-5 µm). Adding Polyethylene glycol 600 (PEG600) is observed to supress 

the growth of nanoparticles and realize an ink-jet printable formulation, which achieves even with low Cu content  (< 8 

wt.%),  dense and homogeneous traces with a bulk resistivity of 20.48 µΩcm when sintered in a conventional oven for 5 min 

at 250°C under a N2 atmosphere. 

Introduction 

Printed electronics involves printing or deposition of innovative 
functional materials such as metal conductive inks onto suitable 
substrate to connect and assemble microelectronic devices.1-2 The 
growing demand for printed electronics in areas such as flexible 
electronics, smart Radio-frequency identification (RFID) 
components, energy harvesting and storage devices, thin film 
transistors, display technology, wearable sensors for health 
monitoring applications and many others, is due to its lower 
operational costs, good scalability, and energy efficient solutions.3-8   

In the realm of printed electronics, the conductive trace serves as a 
crucial component where particle sintering plays a vital role.9 In 
recent years, there has been rapid development and 
commercialisation of metal nanoparticles (NPs) based inks owing to 
its relatively high metal loading content (~ 50 metal wt.%) and good 
electrical conductivity.10 Ag NPs inks have been successfully 
introduced for manufacturing in the field of printed electronics in the 
last 15 years.11-12 But owing to the high cost of Ag NPs inks, Cu based 
NPs inks are investigated as a low-cost alternative for forming 
conductive traces.13-15 There are several commercially available Cu 
NPs inks. However, these inks have a complex synthesis route and 
issues with nozzle clogging in printing systems due to 
inhomogeneous particle size distribution and/or agglomeration. 
Further, the inks need deep-freeze or refrigerated storage 
conditions, which leads to a shorter shelf life and reduced usability.16 

The inclusion of anti-agglomerates and passivation layers in the ink 
formulation results in higher sintering temperatures (>200°C) due to 
the high boiling point and/or thermal decomposition temperature of 
such additives. Further, the typical reported sintering times are 30-
60 minutes.17 Therefore, there is a growing interest in the 
development of Cu complex inks as an alternative solution, with the 
goal to achieve shorter sintering times, even with conventional 
sintering processes and lower sintering temperatures (<150°C).18-20  
Cu complex inks provide a facile, low-cost alternative to Cu NPs inks 
for printed electronics application. The inks can be referred to as 
particle free since the salt is dissolved in the complexing medium and 
exists in the ionic form. Agglomeration during storage and oxidation 
at ambient temperature is hence avoided.21 Compared to 
conventional NPs inks, Cu NPs form during the thermal 
decomposition of Cu salts. Cu complex inks, widely reported to have 
lower sintering temperature compared to NPs inks, are formed by 
mixing Cu salts, which act as a Cu metal precursor, with complexing 
agents that support dissolving the Cu salts and decrease the thermal 
decomposition temperature and solvents that help in improving the 
rheological properties of the ink. 18, 22-23 In addition, organics can be 
introduced for further size and shape control of the in-situ realized 
NPs. However, these inks have high organic content (> 85%) and 
efficient degassing of organics is required during the sintering 
process to prevent trace heterogeneities and voids which lead to 
poor conductivity.24 A pre-drying step together with a slow ramp rate 
during the sintering process has previously shown to effectively 
control the rapid evaporation from the printed traces to form 
conductive Cu traces when following a conventional oven curing 
process.25 Nevertheless, it is observed that after the slower ramp 
rate, the aggregation of in-situ formed Cu NPs lead to formation of 
larger particles in the range of 2-5 µm.25,26 As a consequence, 
sparsely distributed metallic traces with lower electrical conductivity 
are obtained.  
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Table 1  A brief summary of state of the art in Cu complex inks 

S.No. Cu precursor Complexing agent Solvent Substrat
e 

Fabricatio
n method 

Sintering 
condition 

Resistivity 
(µΩcm) 

Ref. 

1. Cu (II) formate tetrahydrate Hexylamine 
 

Glass Squeegee 
Coating 

250°C for 2 min, 
formic acid 

5.2 27 

2. Cu (II) hydroxide Formic acid & 
citric acid in 

NH4OH 

2-
methoxyethanol, 
ethylene glycol & 
polyvinylpyrrolido

ne (PVP) 

PET, 
Polyimid

e 

Handwritte
n using pen 

Intense pulse 
light sintering 
(40-60 J/cm²) 

3.21-5.27 28 

3. Cu (II) formate tetrahydrate Hexylamine 
 

Glass Squeegee 
coating 

140°C for 30 
min, N

2
 

9.6 29 

4. Cu formate  Dipropylene 
glycol 

monomethyl 
ether  

Disperbyk 180, 
distilled water 

Glass Screen 
printing 

170°C-250°C for 
30 min with N2  

3.29 30 

5. Cu (II) formate tetrahydrate Octylamine, 
Butylamine 

Ethanol Glass Drop 
deposition 

200°C for 40 
min 

4.28 31 

6. Anhydrous Cu formate  Amino-2-methyl-
1-propanol 

Diethylene glycol 
monomethyl 

ether, n-pentanol, 
PVP 

Polymeri
c 

substrate
s 

Inkjet 
printing 

Plasma curing 
(200 W, 40kHz, 
0.2 mbar), N2, 

15 mins 

2.38 32 

7. Cu plates as electrodes Formic acid, 
acetic acid, 

NH4OH 

Ethanol, 
trimethoxysilane 

Polyimid
e 

Inkjet 
printing 

Intense pulse 
light sintering 
(2000kW, 12 

ms) 

2.3 33 

8. Cu (II) formate tetrahydrate  3-Butylpyridine, 
Dipropylamine 

Tetrahydrofuran Glass Drop 
deposition 

100°C for 30 
min under N2 

8 34 

9. Cu (II) formate tetrahydrate Butylamine, 
pentylamine (PA), 

hexylamine, 
octylamine 

 Glass Mask 
printing 

100°C-120°C for 
30 min, N2 

5.7 35 

10. Copper formate  NH4OH, 
dimethylamine 

Dimethyl 
sulfoxide 

Glass, 
PET 

Inkjet 
printing 

120°C on hot 
plate under air 

(ramp rate: 
5°C/min) 

0.05 
ohms/sq 

36 

In-situ control of particle size of Cu nanoparticles in Cu complex ink 
is thus required, with the goal to generate fine but uniformly 
distributed NPs that provide a dense and homogenous trace. Table 1 
gives a brief summary of state of the art in Cu complex inks. The 
literature provides an insight into various Cu complex inks 
investigated with focus on results with lower bulk resistivities (<10 
µΩcm), shorter sintering time and possible sintering under air. 
However, the influence of sinter ramp rate and solvent on in-situ 
particle formation and sintering can be further extensively discussed. 

NPs are formed through assembly or interaction of ionic, atomic, or 
molecular units through various thermo-chemical reaction processes 
to form sub-nano structure.37 By controlling these thermo-chemical 
reactions, it is possible to control the nucleation, growth, and 
morphology of NPs.37-38 While previous publications have discussed 
the morphology control of Cu NPs with focus on synthesis 
methodology and influence of capping agents, factors influencing the 
morphology of in-situ generated Cu NPs in inkjet printable Cu 
complex inks have not been investigated extensively.39-41   
This scientific study evaluates different approaches to control the 
size of in-situ generated Cu NPs. Cu(II) formate tetrahydrate is used 
as Cu precursor. Unlike Cu NP inks, there is no capping agent and/or 
anti-agglomerate, but an amine ligand is coordinated to Cu(II) 

formate for in-situ generation of Cu NPs. Both ink chemistry of the 
inks and sintering parameters are varied to study their influence 
individually. In addition, the role of carrier solvents with and without 
a particle size controlling binder (PEG 600) is also investigated.  

Experimental 

Materials 
Cu (II) formate tetrahydrate (Cuf), (98%) was purchased from Thermo 
Fischer Scientific. Amino-2-propanol (A2P) (93%) and Hexylamine 
(HA) (99%) were all purchased from Sigma-Aldrich. Ethanol (>96%), 
ethylene glycol (EG) (>99%) and Polyethylene glycol 600 (PEG 600) 
were purchased from Carl Roth. Polyimide films (Kapton® HPPST-125 
µm) from DuPont were used for printing. Apart from Cuf and 
polyimide film, other chemicals were used as received.  
 
Synthesis 
Firstly, the decomposition behaviour of Cuf was analysed in two 
forms: as received (hydrated) and predried form (PCuf). In both 
cases, the salt was crushed manually for 15 minutes in a ceramic 
crucible. The predrying was done under air at 120°C for 15 mins on a 
hot plate. After evaluation, solely Cuf was used for all further detailed 
investigations. Next, two Cuf complexes were prepared using HA and 
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A2P. Cuf-HA (mixed in molar ratio of 1:1) and Cuf-A2P (mixed in 
molar ratio of 1:2) were prepared. Following the evaluation, only Cuf-
A2P complex was pursued for investigating the influence of mixing 
molar ratio on complex decomposition and  particle formation. Three 
Cuf-A2P complexes (mixed in molar ratio of 1:1, 1:2 and 1:3) were 
prepared. Based on the investigations, Cuf-A2P (1:2) complex was 
selected to realize printable ink formulations since it ensures the 
optimal complexing of all Cuf. Ink 1 and Ink 2 were prepared using 
different solvent combinations, e.g., ethanol, EG and PEG 600, to 
adjust the viscosity in the range of 10-12 mPa.s, essential for ink-jet 
printing.42 Table 2 shows a detailed synthesis of the two Cu complex 
inks prepared for this scientific study. The viscosity of the inks was 
measured using a viscometer (Thermo Scientific Haake TM Viscotester 
TM) and the contact angle of the inks on polyimide substrate were 
measured using a drop shape analyser (Kruss DSA 30M). 
 
Table 2  Detailed synthesis of Ink 1 and Ink 2 indicating the mass (in wt. %) of 
Cuf, A2P and carrier solvent, Cu metal content (in wt. %) and viscosity 

Cu complex inks Ink 1 Ink 2 

Cu precursor Cuf Cuf 

Complexing agent A2P A2P 

Molar ratio (Cuf:A2P) 1:2 1:2 

Carrier solvent (with 
mixing mass %) 

Ethanol (75%) + EG 
(25%) 

Ethanol (99%) + 
PEG 600 (1%) 

Mass (in wt.%) of Cuf, 
A2P and carrier solvent 

(CS) 

Cuf A2P CS Cuf A2P CS 

24 16 60 30 20 50 

Cu metal content (in 
wt.%) 

6.768 8.46 

Viscosity (mPa.s) 12 mPa.s 9.5 mPa.s 

 

Printing and Processing 
The Cu complex inks were printed using a Dimatix Materials Printer 

(DMP-2850, Fujifilm Dimatix Inc.) onto the polyimide substrates. 

Before printing, Ar-plasma treatment of the polyimide substrates 

was done for 5 minutes to remove organic residues from the surface. 

The Ar-plasma treatment was done using Zepto PLS from Diener 

electronic under UV in a manually controlled Ar atmosphere. After 

printing, a two-step pre-drying and sintering process is conducted in 

a reflow oven (UniTemp RSS 160-S) under a constant N2 flow of 

5l/min. The pre-drying is performed at 100°C for 5 min followed by a 

sintering step at 250°C for 5 min.  

 

Fig. 1 Sintering profile for the Cu complex ink  With PEG 600 

Fig. 1 shows the sintering profile for the Cu complex ink used in this 
study. Additionally, to facilitate efficient removal of PEG 600 from the 
system, a vacuum process was integrated at 250°C for 1 minute, 
enhancing the sinterability between the formed particles (as shown 
in Fig.1). 
 
Characterization  
The thermal decomposition behaviour of both the inks and their 
individual constituents was analysed by differential scanning 
calorimetry (DS C821 Mettler Toledo). The measurements were 
conducted under N2 atmosphere with a flow rate of 30 ml/min, and 
the heating rate was set at 10°C/min. The analysis included heating 
the samples up to 250°C, followed by an isothermal step at 250°C for 
5 minutes. Similarly, thermal gravimetric analysis (TGA) and 
differential thermal analysis (DTA) was conducted on Mettler Toledo 
TGA/DSC 3+ at the heating rate of 10°C/min under N2 with 30 mL/min 
flow rate. The particle morphology after sintering was evaluated 
using a scanning electron microscope (Zeiss Auriga 40 Crossbeam 
FIB/SEM) with following parameters (Electron High Tension: 3 KV, 
Working Distance: 5.6 mm, Mode: Secondary Electrons). The 
thickness (t) of the trace was measured using an optical light 
profilometer (Nanofocus µ-surf custom) and sheet resistance (𝑹𝒔) 
measured using a 4-point probe (Keithley 2461). The bulk resistance 
(𝝆), thereafter is calculated using the following equation:43 

 
 𝝆 =  𝒕 ∗ 𝑹𝒔                                                                                                (1) 
  

Results and discussion 

Decomposition mechanism and characterization of Cu (II) 

formate tetrahydrate and its complexes 

The thermal decomposition of Cuf and resulting by-products are 

mentioned in equation 2 & 3.44-46 

 

𝐶𝑢(𝐻𝐶𝑂𝑂)2. 4𝐻2𝑂 →  𝐶𝑢(𝐻𝐶𝑂𝑂)2. 𝐻2𝑂 +  3𝐻2𝑂 (𝑔)                     (2)  

                   

𝐶𝑢(𝐻𝐶𝑂𝑂)2. 𝐻2𝑂 →  𝐶𝑢(𝑠)  +  𝐻2(𝑔) + 𝐶𝑂2(𝑔) + 𝐻2𝑂(𝑔)           (3)                                 

 

The decomposition of Cuf has been extensively reported showing a 

two-step weight loss process, whereas decomposition of PCuf is a 

one step process.44-46 In case of Cuf,  the first weight loss is attributed 

to the dehydration of the tetrahydrate, as anticipated, while the 

second weight loss is caused by the decomposition of anhydrous Cu 

formate into metallic Cu.44-46 Experimental investigations were 

conducted to examine the variations in the decomposition behaviour 

between Cuf and PCuf. The DSC and TGA analysis revealed the 

following observations (see Fig. 2.a and 2.b). Firstly, evaporation of 

water of hydration commences at room temperature and concludes 

at 104°C for Cuf. The endothermic peaks observed at temperatures 

of 52°C, 80°C, and 102°C correspond to the removal of the first, 

second, and third water of hydration, respectively.45-46  

Theoretical and experimental mass calculations (using TGA) reveal 

that the expected mass change after removing three water 

molecules of hydration in Cuf is approximately 75%. TGA results 

show, after the first mass loss step (confirming removal of three 

waters of hydration as indicated by DSC), the experimental mass 

change at 125°C is about 74 ± 1%. This suggests the presence of a 

fourth water molecule of hydration in the Cuf crystal. Furthermore, 
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the theoretical and experimental calculation of Cu metal content in 

wt.% (shown in Table 3) indicates the absence of water of hydration 

in the case of PCuf. 

Table 3  Theoretical and experimental Cu metal content (in wt.%) for Cuf and 

PCuf. 

Cu metal content after decomposition Cuf PCuf 

Theoretical Cu metal content (wt. %) 28 41 

Experimental Cu metal content (wt. %) 30±1 41±1 
 

According to the literature, water in Cu (II) formate is held in place 

by hydrogen bonds between the relatively stable Cu and format 

ions.47 Dehydration causes minimal misalignment between Cu and 

format ions, suggesting a good fit across the interface.47-48 

Consequently, after dehydration, the layers only experience slight 

relaxation, and any remaining water molecules must diffuse through 

the anhydrous lattice to escape.47 In the dehydration process of Cu 

(II) formate tetrahydrate, the slow step is believed to be the diffusion 

of water molecules from the hydrate into adjacent sites of anhydride 

lattices at the interface.47 Water retained at these sites may affect 

surface equilibria, potentially reducing the dissociation rate (forward 

reaction) and promoting the back reaction, leading to the 

recrystallization  of metastable water-depleted hydrate.47-48 This 

process could result in larger and more perfect crystals during the 

product phase, with wider channels in the recrystallized lattices 

aiding the escape of remaining water.47-48 

Additionally, after pre-drying PCuf at 120°C for 15 minutes, grinding 

occurred due to the recrystallization of the salt, forming larger 

crystals. This suggests that the fourth water of hydration assists in 

the recrystallization process during pre-drying and is absent in the 

TGA measurement of PCuf. In contrast, Cuf, subjected to a rapid 

heating rate of 10°C/min in DSC, did not allow sufficient time for 

generating large crystals, leading to the observation of the fourth 

water of hydration in the TGA measurement of Cuf. The crystal size 

is proportional to the drying time and inversely proportional to the 

heating rate.  

Consequently, three water of hydration molecules are eliminated, 

resulting in the formation of 𝐶𝑢(𝐻𝐶𝑂𝑂)2. 𝐻2𝑂 (See Fig 2.g).45-46 

Decomposition of formate group is observed by an exothermic peak 

at 217°C for Cuf and at 224°C for PCuf showing release of CO2, H2 and 

H2O gas. From the TGA results, it is observed that the total mass loss 

was completed at 235°C (70 % mass loss) and 250°C (59 % mass loss) 

for Cuf and PCuf respectively. Although the exothermic peaks are 

very close between Cuf (217°C) and PCuf (224°C), the latter took 

longer to complete the thermal decomposition process (See Fig 2.a 

& 2.b). This can be attributed to the 4th water of hydration  acting as 

a catalysing agent in the formate decomposition process of Cuf. 18  

The 4th water of hydration in Cuf generates intermediate exothermic 

reactions with the Cu formate (see Fig. 2.g).49 These exothermic 

reactions generate temperature increase that accelerate the 

decomposition reaction in case of Cuf. The 4th  water of hydration 

also supports the breaking of the chemical bond between Cu and 

formate group. The water of hydration can bond with the Cu, 

producing the instability of the Cu formate chemical bond due to Cu 

having an electron excess.49 As seen in the figure above, the water of 

hydration is regenerated during the reaction as a byproduct. 

Therefore, the water of hydration is not consumed for this chemical 

reaction, thus it acts as a catalyst. A similar observation was made, 

where it was found that coordinated water in hydrated complex acts 

as a catalysing agent in the formate decomposition process.18 A 

notable feature is that these catalysing agents encourage the 

electron localisations that prompts the chemical reaction . Fig. 2.c 

and 2.d show the SEM images for Cuf and PCuf after thermal 

decomposition at 250°C under N2 without any isothermal holding 

time at 250°C to prevent further sintering of the particles. The 

particle sizes calculated for Cuf and PCuf using the Image J software 

are 429.93 ± 101 nm and 378.07 ± 88 nm respectively (Fig. 2.e). Based 

on the particle size distribution curve, it can be seen that particle size 

in case of Cuf is slightly larger than PCuf owing to lower 

decomposition temperature of Cuf. As decomposition occurs earlier, 

the nucleation and growth process start earlier in case of Cuf 

compared to PCuf resulting in slightly larger particles in case of Cuf.   

Based on these experiments, Cuf was selected as Cu precursor. Cuf 

was added to two different amine-based complexing agents: A2P 

(alkanolamine) and HA (alkylamine). The two complexing agents 

have different boiling points (HA-131°C and A2P-159°C) influencing 

their removal rate. The complex decomposition starts by 

decarboxylation (formate oxidation) and Cu reduction reaction 

(formation of Cu particles), where CO2 and H2O are released as by-

products indicated by an exothermic reaction.31 This is followed by 

the release of amine ligands indicated by an endothermic reaction. 

The decarboxylation reaction marks the onset of Cu reduction 

process (Cu2+ → Cu1+ →Cu0) which provides the temperature 

window in which Cu0 forms, nucleates, and grows into particles.50 

In Fig 3.a, it can be seen that Cuf-A2P has a narrower exothermic 

peak at 143°C compared to Cuf-HA at 137°C, which indicates a higher 

nucleation rate leading to formation of smaller particles with narrow 

size distribution.50 This is also confirmed by the SEM images of Cuf-

HA and Cuf-A2P after decomposition at 160°C under N2 (as seen in 

Fig. 3.b and Fig. 3.c respectively). During the nucleation and growth 

phase, the smaller particles tend to grow either by one of the two 

mechanisms Coalescence or Ostwald ripening resulting in larger 

particles.52 In case of Cuf-HA, the nucleation rate is slower compared 

to Cuf-A2P as observed from Fig. 3.a – where a broader exothermic 

peak is observed. From Fig. 3.b and Fig. 3.c, it can be seen that 

particles have dissimilar sizes after decomposition for Cuf-HA 

compared to Cuf-A2P at 160°C. This can be explained due to the 

slower nucleation and longer growth phase in case of Cuf-HA. 

Additionally, as the temperature increases - the released amine 

ligands evaporates earlier in case of Cuf-HA (~165°C) compared to 

Cuf-A2P (~180°C). This allows the formed particles to come in contact 

earlier and form sinter necks which eventually grows as the 

temperature and time increases until a steady sintering state is 

reached.53  
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Fig. 2   Fig. 1 DSC-TGA analysis highlighting peak exothermic and endothermic temperatures and % mass losses for Cuf (a) and PCuf (b), SEM images of Cuf (c) 

and PCuf (d) obtained after thermal decomposition at 250°C under N2 without any isothermal holding time at 250°C to prevent further sintering of the particles, 

(e) Particle size distribution measured for Cuf and PCuf from the SEM images (c) and (d) respectively using Image J software, (g) Reaction mechanism showing 

the catalytic effect  of water in the decomposition of Cu formate.49 

Further, this can be elaborated by the following chemical reaction as 

seen in Fig. 3.d and Fig. 3.e. The difference of the chemical reaction 

of A2P and HA is due to the partial charge of the amine nitrogen. 

Primary amine groups are commonly electron donator because one 

lone pair electrons presence that are employed to link (ligand) both 

A2P and HA to Cu. This produces an electron deficiency of nitrogen 

owing to loses one electron on external orbital. The elements and 

group bonded with the nitrogen mitigates this positive partial charge 

via the donation of negative (electrons) charge. The hydrogens and 

carbon chain donate part of their negative charge to nitrogen for 

both inks because nitrogen is more electronegative. The capacity of 

the carbon chain to donor negative charge depends on various 

factors such as the length of the principal chain and the functional 

groups. Long principal chain can donate more negative charge than 



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

short chain. The functional groups with more electronegative 

element usually reduce the carbon chain capacity to donate negative 

charge. Based on this fact, the difference in decomposition reaction 

between Cuf-A2P and Cuf-HA can be explained. A2P possessed a 

short carbon chain with alcohol group, which is more electronegative 

than carbon, while HA had a long carbon chain without functional 

group. Thus, A2P carbon chain donors have less negative charge to 

nitrogen that needs to compensate for this deficiency. The 

hydrogens bonded with nitrogen are the elements that donate their 

negative charges, increasing their electropositivity. This strengthens 

the link (ligand) between oxygen of the formate, which has a 

negative charge, and the hydrogen of the amine group. This 

promotes the breaking of the bond between formate oxygen and 

copper, prompting the decomposition of Cuf. Therefore, the 

decomposition process is faster in case of Cuf-A2P than Cuf-HA.

 

Fig. 3 . (a) DSC analysis highlighting peak exothermic and endothermic temperatures for Cuf-HA and Cuf-A2P during the decomposition process of the amine 

complexes, SEM images of Cuf-HA (b) and Cuf-A2P (c) after decomposition at 160°C under N2, without any isothermal holding at 160°C, (d) Decomposition 

reaction mechanism of Cuf – alkylamine (Cuf-HA)21,51 , € Decomposition reaction mechanism of Cuf – alkanolamine (Cuf-A2P)21,51. 

Decomposition mechanism and characterization of Cuf-A2P 

complexes based on different molar ratios 

 
Alkanolamine complexes with Cuf in general are found to be soluble 

in alcohols. This is beneficial for preparation of printable low viscosity 

inks.21 Therefore, in this case, A2P is considered to be a preferred 

complexing agent for the formulation of Cu complex inks. A2P bonds 

to Cu ions in a bidentate fashion, however the exact thermal 

decomposition mechanism of the complex is still unconfirmed. A 

further investigation is carried out to understand the decomposition 
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mechanism of this complexing agent and the influence of molar ratio 

of Cuf to A2P on particle morphology. Fig. 4.a shows the DSC 

measurements of thermal decomposition of A2P and Cuf and A2P 

complexed in three mixing molar ratios 1:1, 1:2 and 1:3. Higher molar 

ratios were not investigated. This was done to reach a good 

compromise between the Cu metal content in the complex ink and 

the complete decomposition process.  

From the DSC curve of pure A2P, green curve in Fig. 4.a, one obtains 

that the main evaporation (endothermic process) takes place 

between 130°C and 160°C. The endothermic peak is observed at 

151°C, which is close to the boiling point of pure A2P (160°C). The 

decomposition of Cuf-A2P (1:2), in which the appropriate 

stochiometric relation is realized to form the complex, is depicted in 

the red curve of Fig. 4a. The flat decline of the DSC curve in the range 

of 100°C indicates the removal of water of hydration. The first 

endothermic peak indicates the dehydration process of the Cuf at 

127°C. This behaviour also corresponds to the first mass loss 

observed in the TGA curves (Fig. 4b), where mass loss for 1:2 Cuf:A2P 

complex start at 90°C. The decomposition of Cuf-A2P complex 

comprises of the decarboxylation reaction and the removal of 

coordinated amine group from the Cu ion. The first exothermic peak 

indicates the start of the thermal decomposition process (formation 

of atomic Cu which aggregates to NP) of the Cuf-A2P complex where 

CO2 and H2O is released after the dissociation of the carboxyl group 

that is weakly bonded to the Cu ion compared to the amine group.31 

For 1:2 Cuf-A2P complexes, the carboxyl dissociation starts at 140°C, 

where the exothermic peak is observed at 143°C. As the temperature 

increases to 160°C, an endothermic peak is observed at 178°C 

indicating the evaporation of A2P which is released due to the 

decomposition reaction.  

Similar to Cuf-A2P (1:2), the DSC curve (black) for Cuf:A2P (1:1)  (Fig. 

4a) shows the first endothermic peak indicating the dehydration 

process. The endothermic peak for the dehydration process is 

observed at 122°C. The mass loss in this case starts at 70°C as 

observed in the TGA curve in Fig. 4b, which is similar to as seen in 

Cuf. For 1:1 Cuf-A2P complexes, the carboxyl dissociation starts also 

at 140°C, where an exothermic peak is observed at 148°C. However, 

the exothermic peak is smaller compared to 1:2 molar ratio 

indicating insufficient ligand formation between Cuf and A2P caused 

by the lower amount of A2P. In case of 1:1 Cuf-A2P complex, the 

endothermic contribution caused by A2P evaporation is significant 

smaller due to the lower amount of A2P and the overlapping 

broadened exothermic decomposition reaction and endothermic 

evaporation. An exothermic peak is also observed around 230°C 

indicating the decomposition of the excess Cuf that hasn’t 

undergone ligand formation or complexing with A2P. From the TGA 

measurements (Fig. 4.b), it is observed that around 10% mass loss 

occurs after 200°C indicating the decomposition of the non-

complexed Cuf.  

The DSC curve (blue) for Cuf:A2P (1:3) in Fig. 4a shows no 

endothermic peak that can be assigned to the dehydration process. 

It is assumed that the dehydration temperature shifts to higher 

temperature close to the decomposition temperature. The first mass 

loss in case of 1:3 Cuf:A2P complex starts also at 90°C same as 1:2 

Cuf-A2P complex (see Fig. 4.b). No pronounced exothermic peak for 

the decomposition of the complexed Cuf is visible. This can be 

attributed to the overlap of endothermic evaporation of the excess 

A2P that has not coordinated (no ligand formation) with the Cuf and 

the exothermic Cuf complex decomposition (decarboxylation 

reaction). A negative peak at 148°C (Fig. 4.a) indicates energy 

consumed during the endothermic reaction (evaporation of excess 

A2P) is greater than energy released during the exothermic reaction 

(decarboxylation reaction).  For 1:3 Cuf-A2P complex, an 

endothermic peak at 148°C is observed which coincides with the 

endothermic peak observed during the evaporation of A2P (at 

152°C). A third endothermic peak is observed for 1:3 Cuf-A2P 

complex at 176°C that occurs due to the evaporation of the released 

A2P by the decomposition of the Cuf complex as observed for 1:2 

Cuf-A2P.  

Fig. 4.c, 4.d and 4.e shows the SEM images for DSC samples after 

decomposition of 1:1, 1:2 and 1:3 Cuf-A2P complexes respectively. 

From the SEM images, it can be seen that larger crystalline structures 

with smaller Cu NPs are formed in case of complex with 1:1 molar 

ratio compared to the complexes with 1:2 and 1:3 molar ratios. This 

can be inferred from DSC and TGA curves, where the decomposition 

process was partially done by the complexing agent A2P and later the 

non-complexed Cuf crystals were decomposed forming larger Cu 

particles (as seen in Fig. 4.c). This two-step decomposition process 

also contributed to the growth and agglomeration of in-situ formed 

Cu NPs resulting in particles as large as 2-5 µm. Further, it is evident 

from the literature that recrystallization of non-complexed Cu salt in 

case of 1:1 Cuf-A2P can take place.47-48 The water retained in the 

unreacted Cuf crystals during the decomposition process of Cu 

complex, can promote recrystallization of metastable water-

depleted hydrate.47-48 This could lead to formation of larger Cu 

formate crystals which upon decomposition form larger Cu particles 

(as seen in Fig. 4.c). Further, few Cu particles form a crystalline 

structure with distinct faces that can result from surface coordinating 

ligands or selective adsorption of the solvents on the surface of 

formed particles.37 In Fig. 4.f and 4.g, the formed Cu particles are in 

the range of 100-500 nm. There is no difference in morphology 

between the nanostructures observed for 1:2 and 1:3 Cuf-A2P  

complexes. This infers that 1:2 Cuf-A2P molar ratio is sufficient for  

the decomposition of Cuf-A2P complex. In general, the formation 

and growth of Cu NPs in an ionic solution is a thermodynamic or 

kinetic driven process, which depends on the supersaturation and 

temperature of the complex solution.37,40 This can be further 

influenced when additional solvents are added to the Cuf-A2P 

complex for preparation of Cu complex inks. Further trials are 

ongoing to control the growth of these in-situ formed Cu NPs via 

understanding the influence of solvent chemistry on the particle 

morphology. One can conclude from the analysis that a composition 

of 1:2 should be chosen to complex all Cuf but avoiding excess A2P 

that is not improving the process but solely reducing the metal 

content of the ink. 
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Fig. 4 ( (a) DSC analysis highlighting peak exothermic and endothermic temperatures for Cuf-A2P complexes with molar ratio (1:1, 1:2 and 1:3) and A2P during 
the thermal decomposition process of the amine complexes, (b) TGA analysis showing mass loss (%) for Cuf-A2P complexes with molar ratio (1:1, 1:2 and 1:3) 
during the thermal decomposition process of the amine complexes, (c) SEM image of Cuf and A2P complexes with 1:1 molar ratio after decomposition at 250°C 
in the DSC chamber under N2 at 10°C/min, (d) SEM image of Cuf and A2P complexes with 1:1 molar ratio after decomposition at 250°C in the DSC chamber 
under N2 at 10°C/min, (e) SEM image of Cuf and A2P complexes with 1:1 molar ratio after decomposition at 250°C in the DSC chamber under N2 at 10°C/min. 

 

Influence of solvent formulation on particle morphology in Cu 
complex inks 

In the earlier section, decomposition mechanism of Cuf – A2P 
complex was discussed. This complex will be used in the next section 
as conductive ink for realizing of metallic traces on polyimide for 
printed electronic application. There are two important 
requirements that need to be fulfilled to form the traces: Firstly, the 
ink viscosity must be adjusted to a range between 5-20 mPa.s for 
inkjet printing.54 This can be done by using a low boiling point solvent 
such as ethanol, having a viscosity of 0.8911 mPa.s at 25°C.55 
Secondly, a high boiling point solvent is required which provides 
good wettability and stability to the ink by decreasing the 
evaporation rate while storage and printing process.25 In this study, 
two chemicals (ethanol and EG) are chosen initially to form the Cu 
complex ink. The ink is inkjet printed to form the metallic Cu traces 
after the sintering. The two solvents are mixed in a mass ratio of 
75:25, where the Cuf – A2P complex ink formed has a viscosity of 16 

mPas. Fig. 5 shows the contact angle measurement of the complex 
ink with and without the carrier solvents on Cu and polyimide 
substrates. It can be observed that without the carrier solvent, the 
Cuf – A2P complex ink forms a contact angle in the range of 11°-13° 
on Cu substrate and 9°-10° on polyimide substrate.  

 

Fig. 5  Contact angle measurement of the Cu complex ink with and without 
the carrier solvent (Ethanol + EG) on Cu and polyimide substrates. 
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Fig. 6 Cu (II) formate tetrahydrate - A2P complex ink inkjet printed onto the polyimide substrate. (a.) Inkjet printing parameters for printing the Cu complex 

ink. (b) Printed pattern before and after the sintering process utilizing faster sinter ramp rate (top) and predrying + slower ramp rate (bottom). (c) SEM images 

of the particles formed after predrying + slower ramp rate sintering process, (top) lower magnification and (bottom) higher magnification. 

 

In order to achieve a printed pattern with good aspect ratio and 
resolution, the preferred contact angle should be in the range of 40°-
50°. Using the carrier solvent with ethanol and EG in the Cuf – A2P 
complex, the given range is achieved for both the Cu and polyimide 
substrate. Based on these two requirements, a Cu complex ink 
formulation is made having a Cu metal content of 6.95 wt.%.  

The prepared Cu complex ink is then printed using the inkjet printer 
on a polyimide substrate using the printing parameters as shown in 
Figure 6.a. After printing, a pre-drying step is necessary for Cu 
complex inks, as they undergo high volume shrinkage due to high 
organic content (>90 wt. %).25 The rapid evaporation of these 
organics causes problems such as distortion of printed pattern due 
to formed bubbles, uneven spreading of the printed traces (coffee 
ring effect) and surface cracking.56 For this, an efficient degassing 
process, reported to tackle the challenges of rapid bubbling during 
the decomposition of Cu complex inks using a pre-drying and slow 
ramp rate sintering step (as seen in Figure 6.b)25 was implemented. 
Due to slower ramp rate (5°C/ min) of the sintering process, larger 
particles were formed resulting in sparse distribution of particles in 
the entire trace contributing to a poor bulk resistivity of 102 µΩcm.  
Figure 6.c shows the SEM images of the particles formed after this 
slow ramp rate sintering process. It should be noted that after the 
synthesis of the Cu complex ink with carrier solvents for inkjet 
printing, the Cu metal content (in wt.%) in the ink decreases from 
21.08 to a mere 6.95 wt.%. SEM images shows that larger particle 
agglomerates ranging from 2-5 µm are formed as result of slower 
ramp rate. The decomposition process of Cuf-A2P complex starts at  

 

~127°C as seen in the DSC (Fig. 3.a) by dissociation of the carboxyl 
group (Fig. 3.e). The nucleation process starts with the formation of 
Cu nuclei followed by growth into Cu nanoparticles at 130°C as seen 
in the Fig. 7.a.52 Additionally, it is reported that the released amine 
ligand restricts the growth of Cu nanoparticles because it forms 
secondary bonds with the copper and hinders the copper crystal 
growth.57-58 This is phenomenon observed  in the inks investigated in 
this study since the removal of amine ligands is observed to start at 
~ 165°C as observed by the DSC (Fig. 3.a). Therefore, a significant 
growth of Cu nanoparticles from 30-50 nm at 130°C to 100-200 nm 
at 180°C is observed (as seen in Fig. 7.a).  

During the slower heating ramp rate process (5°C/min), the 
nanoparticles formed have sufficient time to migrate and reduce 
their surface energy through surface diffusion during sintering 
process. This process leads to formation of larger aggregates as 
smaller particles fuse or adhere to each other(coalescence). Another 
mechanism, which can take place is Ostwald ripening – a 
phenomenon where larger particles grow at expense of smaller 
particles.59 This reduces the number of solid particles formed in the 
entire trace until the bulk solution reaches an equilibrium state.60 
Additionally, faster ramp rates (45°C/ min) may contribute to 
reduced growth of particles, enabling formation of finer particles. 
However, it is observed that rapid evaporation of organics during 
sintering of Cu complex caused bubbling resulting in discontinuous 
traces. 

In order to solve this issue, various surfactants or capping agents are 

considered in conventional NP synthesis process to control the 
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growth of NPs. These stabilizing agents reduce the surface energy of 

the formed NP with selectively adsorbing onto the surface 

preventing aggregation/ agglomeration in the solution state.37-38 

Based on this concept, PEG 600 was added to the complex ink at very 

low concentration (ranging from 0.5 -1 wt.% of the ink). Figure 7.a 

shows the decomposition process schematic of the Cu complex ink 

with PEG 600. To facilitate efficient removal of PEG 600 from the 

system, a vacuum process was integrated at 250°C for 1 minute. 

Figure 7.b shows the SEM images of Cu particles formed after the 

sintering process with an additional vacuum step. From this study, it 

was clear that PEG 600 prevented the aggregation/agglomeration of 

NPs and effectively controlled the size and shape of in-situ generated 

Cu NPs. The newly synthesized Cu complex ink with PEG 600 showed 

reliable results both in terms of printability and sinterability. The bulk 

resistivity of the Cu metallic trace obtained on the polyimide 

substrate after 5 layers of printing, sintered at 250°C for 5 minutes 

under nitrogen was 20.48 µΩcm. This is only 12 times that of bulk 

resistivity of pure Cu. These results show that using simple chemical 

approaches to control the size of the in-situ generated Cu NPs, 

homogenous and densely packed sintered Cu metallic structure can 

be obtained for fabrication of devices for printed electronics 

application. Further investigations are ongoing to understand the 

mechanism by which PEG600 as well other size controlling binder 

interact with the in-situ formed Cu NPs.

 

Fig. 7 (a.) Schematic of  in-situ formation of Cu nanoparticles after decomposition of Cu complex ink with and without PEG 600. (b) SEM images of Cu particles 

formed after sintering at 250°C for 5 minutes under N2 with an additional vacuum step (at the start of isothermal holding time for 1 minute), where (left image) 
– lower magnification and (right image) – higher magnification. 

Conclusions 

In this study, various approaches were employed, ranging from 

understanding the decomposition mechanism of Cuf to the 

influence of binder formulation, to synthesize Cu complex inks 

and observe their effects on the morphology of in-situ 

generated Cu NPs. Water of hydration in Cuf acts as a catalysing 

agent lowering the decomposition temperature of Cuf 

compared to PCuf as observed in the DSC. From the 
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decomposition mechanism of Cuf-A2P and Cuf-HA, it is found 

that the decomposition reaction is faster in case of Cuf-A2P than 

Cuf-HA leading to formation of smaller NPs. This is attributed to 

two reasons: Firstly, the carbon chain is smaller in case of A2P 

than HA, therefore the primary carbon is less electronegative 

making the nitrogen also less electronegative, thus releasing the 

hydrogen atom earlier from the amine group. Secondly, the 

alcohol group in alkanolamine also reduces the primary carbon 

electronegativity – therefore providing a catalysing effect in the 

decomposition reaction. Additionally, A2P provided good 

solubility to low boiling point alcohol solvents. By varying molar 

ratios of Cuf:A2P (1:1, 1:2 and 1:3), it is found that 1:2 molar 

ratio between Cuf and A2P is sufficient without further 

decreasing the Cu metal content in the Cuf-A2P complex and 

enables a complete decomposition compared to 1:1 molar 

ratio. For preparation of Cu complex inks, the rheological 

properties of the binder formulation needed to be carefully 

tailored with Cuf-A2P complex for successful preparation of Cu 

complex ink for printed electronic applications. During the 

sintering process, the impact of faster ramp rate and slower 

ramp rate was also investigated. Faster ramp rate contributed 

to reduced growth of particles, enabling formation of finer 

particles. However, rapid evaporation of organics during 

sintering of Cu complex caused bubbling resulting in 

discontinuous traces. Slower ramp rate resulted in formation of 

larger particle aggregates (2-5 µm), since particles formed have 

sufficient time to diffuse with each other and form larger 

aggregates either by coalescence or Ostwald ripening. The 

incorporation of a small amount of PEG 600 as a particle 

stabilizing agent during the ink synthesis played a critical role. It 

effectively prevented the aggregation of NPs, ensuring the 

desired size and shape control of the in-situ generated Cu NPs. 

This strategy significantly enhanced the stability and 

performance of the Cu complex ink, paving the way for 

improved properties and potential applications in printed 

electronics. The novel formulation with PEG 600 resulted in a 

significant improvement in bulk resistivity, achieving a value of 

20.48 µΩcm, representing a more than 400% improvement 

compared to the previous formulation without size controlling 

effects. In conclusion, the synthesis and optimization of Cu 

complex inks, along with the careful control of sintering 

parameters and the addition of stabilizing agents, proved to be 

crucial in achieving desirable morphology and electrical 

properties for printed electronic applications. 
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