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Advanced materials capable of withstanding extreme environments garner extensive interest in the
development of next-generation advanced anti-corrosion electronics. Herein, we report that the surface
passivation of printed copper conductors imparts corrosion resistance in high-temperature sulfurous

Received 13th July 2022 ) . o ) ) L 1 .
Accepted 22nd October 2022 environments while maintaining a high electrical conductivity of 4.42 MS m™ when subjected to

a sulfur-containing environment at 350 °C for 12 h. This study provides potential for the development of
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Introduction

The corrosion of metallic materials is more acute when they are
continuously exposed to atmospheres containing sulfur at
elevated temperatures than in oxidizing environments." If the
partial pressure of sulfur is low in atmospheres with a high
amount of combustion gases, such as those found in energy-
conversion processes, sulfur is unlikely to corrode oxidation-
resistant metals/alloys. However, these oxidation-resistant
metals/alloys undergo rapid deterioration in high-sulfide envi-
ronments, particularly under high temperature, where even
a trace of sulfur can cause catastrophic deterioration.> Conse-
quently, several strategies have been employed to improve the
corrosion resistance of metals against sulfide corrosion in high-
temperature applications. One strategy is to pre-oxidize the
metal, which favors the formation and adhesion of a dense
chromia or alumina coating with no physical defects on the core
material.* However, if the structural integrity is compromised in
harsh environments, such as those found on Venus with its
reactive sulfuric environment and high average surface
temperature, corrosion could occur at high rates, destabilizing
the structure and electrical conductivity of the metal compo-
nents in electronic devices.*” Another strategy is to utilize high-
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temperature metallic materials for corrosion-resistant elec-
tronics,® including noble metals, such as gold,” silver,' and
palladium,™ and passive metals, such as nickel.” Such high-
temperature conductors offer high melting points, good elec-
trical performance, and low heat expansion coefficients.
However, prolonged exposure to a sulfur atmosphere could
cause a 16% mean increase in resistance, with up to 30% at
150 ©°C. Therefore, it is necessary to seek alternative
materials.’*™*

Metallic copper (Cu) provides high electrical and thermal
conductivity;'*"” however, oxidation and corrosion resistance
treatments involving alloying often compromise its electronic
and thermal conductivity.'®*?® To address these issues, enor-
mous efforts have been devoted to using a robust and dense
passivating layer to shield the conductor, enabling it to with-
stand extreme environments.”>** Generally speaking, resistance
to sulfur corrosion is achieved by applying a polymer coating on
the Cu surface,” such as resins, epoxy, and polyamides.
However, these polymers are vulnerable to hydrolysis and
degradation, and are not able to survive under high tempera-
tures. Chitosan-based coatings** and (2E,5E)-bis[(4-dimethyla-
mino)benzylidene]cyclopentanone? have also been
investigated as corrosion inhibitors for Cu substrates under
aqueous sulfuric acid. Chilkoor et al. coated Cu with hexagonal
boron nitride (hBN) to prevent corrosion from sulfur
compounds, and Cu-hBN showed seven times lower corrosion
than bare Cu at room temperature.”® Here, we report the effec-
tive surface passivation of printed Cu conductors on Corning
flexible Alumina Ribbon Ceramic to endow it with stability
under high-temperature sulfur-containing environments. As
shown in Fig. 1, the printed conductors examined in this study
include a Cu/graphene physical mixture (Cu/G),””*® hybridized
Cu-graphene (Cu-G) from the in situ conversion of copper—
dopamine complexes, and Cu featuring a conformal Al,O;
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Fig. 1 Schematic of the Cu-based conductor for sulfur corrosion
resistance. (a) Printing of the Cu-based conductors: Cu NPs (i), Cu/G
(ii), and Cu-G (iii). (b) Cu-based conductor with a thin AL,Os layer
coating. (c) Schematic of in situ measurement under a sulfurous
atmosphere at different temperatures.

coating (Cu-Al,03). We selected polydopamine, which can be
carbonized at elevated temperatures in an inert atmosphere, to
serve as a potent source of graphene in the printed Cu-G
conductor, as it can form an adherent coating on the copper
surface owing to its amine (-NH,) and hydroxyl (-OH) func-
tional groups.”” Moreover, polymerization being an oxidative
process helps in reducing surface oxides on the printed copper
surface during the annealing step. In addition, we deposited an
Al,O; passive coating on printed copper, which serves as
a defensive shield between copper and the corrosive environ-
ment. The as-fabricated graphene passivation layer and
conformal Al,O; coating provide oxidation and corrosion
resistance to the printed Cu conductors under a high-
temperature sulfurous atmosphere, while maintaining its

high electrical conductivity of 4.42 MS m ™.

Experimental section
Synthesis of Cu NPs

First, the capping polymer polyvinylpyrrolidone (PVP) and
reducing agent sodium phosphinate monohydrate (NaH,PO,-
-H,0) were dissolved in diethylene glycol (DEG) via heating and
stirring. When the solution temperature reached 140 °C,
aqueous copper sulfate was injected uniformly into the hot DEG
solution via a syringe pump for the reaction. Then, the solution
was naturally cooled to room temperature and copper nano-
particles (Cu NPs) were obtained by centrifugation. Finally, the
Cu NPs were cleaned with methanol four times to remove any
impurities. During the synthesis of Cu NPs, the PVP content and
reaction time were varied to investigate their effects on the NP
size.

Printing Cu-based conductors

Hydroxypropyl methylcellulose (HPMC) solution (2 wt% in
deionized water) and copper ink feedstock collected through
centrifugation were mixed using an ARE-310 Thinky Mixer to
prepare the conductive ink. Cu/G or Cu-G inks were prepared
via the addition of graphene (5 wt% of the ink) or dopamine
(5 wt% of the ink), respectively, and mixed to obtain a uniform
ink. The printing of conductive ink was performed on a direct
writing or ink-jet printer. Subsequently, the printed conductors

© 2022 The Author(s). Published by the Royal Society of Chemistry
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coated onto Corning flexible Alumina Ribbon Ceramic were
sintered under 95% nitrogen and 5% hydrogen at different
temperatures to facilitate the removal of residual organics.
Furthermore, polydopamine was converted to graphene in situ
under high-temperature and forming gas conditions.

Atomic layer deposition

A Savannah S$100 atomic layer deposition (ALD) setup was used
to deposit ultrathin Al,O; films. The trimethylaluminum (TMA)
precursor and H,O were sequentially exposed for 0.015 s with
8 s waiting time between the respective cycles and nitrogen
purging at a rate of 20 sccm. The number of cycles was based on
the desired thickness, and a thickness of 100 nm was deposited
onto the printed feature on the flexible substrate. The deposi-
tion temperature was 200 °C.

Morphological and structural characterization

Transmission electron microscopy (TEM) images were acquired
on a JEOL JEM 2010 high-resolution TEM instrument. Scanning
electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDS) mapping images were captured on a ZEISS
crossbeam FIB-SEM and Oxford EDS system, respectively. An
SDT Q600 thermogravimetric analyzer was used to generate
TGA curves. X-ray diffraction (XRD) patterns were recorded on
a Rigaku Ultima IV instrument at a step of 5° min". The elec-
trical characteristics were recorded on a Keithley 2450 source
meter.

Results and discussion

The printability and sintering profiles of Cu NPs depend on
their synthesis-controlled dimensions obtained through the
polyol process,?*® involving diethylene glycol (DEG) as the
solvent, polyvinylpyrrolidone (PVP) as the capping molecule,
and sodium phosphinate monohydrate (NaH,PO,-H,0) as the
reducing agent (Fig. 2a). As shown in Fig. 2b and c, the average
size of the Cu NPs was 100 nm, and could be tuned by varying
the amount of the encapsulating ligand PVP and reaction time
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Fig.2 Structure and morphology of the Cu NPs. (a) Synthetic route of
the Cu NPs. (b) TEM image of the Cu NPs. (c) SEM image of the Cu NPs.
(d) Cu NP size distribution derived from image analysis. Reaction time
and PVP concentration dependence of the particle size of the Cu NPs.
(e) TGA curve of the printable Cu ink.
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(Fig. S1f). When the concentration of PVP was 2 mM, the
average size of the Cu NPs ranged from 140 nm to 170 nm with
the reaction time increasing from 10 min to 70 min (Fig. 2d). On
increasing the PVP content to 3 mM, the average size of the Cu
NPs increased from 95 nm to 145 nm under the reaction times
of 10 min to 70 min. This suggests that the PVP ligand
suppresses the growth and agglomeration of Cu NPs, while the
size of the Cu NPs is controlled by the reaction time. Ther-
mogravimetric analysis (TGA, Fig. 2e) of the printable Cu
nanoparticle ink materials confirmed that the Cu solid content
was about 20 wt%, with the decomposition of the organic ligand
at 250 °C.

The Cu NP inks were printed via both direct writing and ink-
jetting onto different flexible substrates (paper, Kapton®, and
Corning flexible Alumina Ribbon Ceramic; Fig. 3a and b). As
shown in Fig. 3c, the electrical conductivity of the printed Cu
features increased from 0.5 MS m ' to 4.6 MS m ' on
increasing the sintering temperature from 250 °C to 850 °C,
where the Cu NPs exhibited both sintering necks and long-
range connections. Similar behavior was observed for the
printed Cu/G and Cu-G conductors, whose electrical conduc-
tivities were 3.5 MS m ™" and 3.3 MS m ™" after heat treatment at
850 °C, respectively. It is worth noting that the sintering time is
another key factor influencing electrical conductivity.
Increasing the sintering time from 5 to 20 min at 250 °C
increased the conductivity of the printed Cu features from 0.15
MS m™*' to 0.5 MS m™ %, and then to 0.52 MS m ™~ with a sin-
tering time of 30 min (Fig. 3d). It was also observed that as the
annealing temperature increased to 550 °C and 850 °C, the
conductivity of the Cu conductor showed a subtle increase with
increase in annealing time.

The sulfur-corrosion resistance of the Cu-based conductors
was examined by evaluating the reliability of electric conduc-
tivity under a sulfurous atmosphere at various temperatures.*
Fig. S21 and 4a present the time-dependent conductivity of the
printed Cu-based conductors (Cu, Cu/G, Cu-G, and Cu-Al,03)
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Fig. 3 Conductivity of the printed Cu-based conductor. (a) Picture of
the printed Cu conductor on flexible Kapton®, paper and ceramic
substrate via direct writing. (b) Ink-jet printing of the Cu conductor on
the Kapton® substrate. (c) Electrical conductivity as a function of
sintering temperature. Inset is an SEM image of the Cu NPs after sin-
tering at 850 °C. (d) The plot of Cu NP conductivity versus sintering
time at 250 °C, 550 °C and 850 °C.
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Fig. 4 Cu-based conductor performances under sulfurous atmo-
sphere. (@) Conductivity changes of the Cu-based conductors (Cu, Cu/
G, Cu-G and Cu-Al,O3) at 150 °C under sulfurous atmosphere. (b)
SEM image of Cu before the test. Inset is the EDS mapping. (c) SEM and
EDS images of Cu after the test. (d) SEM and EDS images of Cu—-Al,Oz
after the test. (e) Conductivity changes of Cu-Al,Os at different
temperatures for 12 h.

at 35 and 150 °C, respectively. The conductivity of Cu decreased
to 20% of its initial value after exposure to sulfur atmosphere at
35 °C for 10 min, and then broke after 60 min due to reaction
with sulfur to form copper sulfide. Furthermore, the printed Cu
conductors subjected to 10 min exposure to the sulfur atmo-
sphere at 150 °C were quickly corroded by sulfur and became
non-conductive. This was further confirmed by SEM and EDS
elemental mapping images before (Fig. 4b) and after (Fig. 4c)
sulfur corrosion. EDS indicated that these needle-like crystals
were mainly composed of copper sulfide. Similarly, XRD anal-
ysis of the printed copper conductors before and after sulfur
corrosion also confirmed the formation of copper sulfide (Fig.
S31). Graphene incorporation into the Cu conductors (both Cu/
G and Cu-G) exhibited sulfur-corrosion resistance below
60 min. After exposure to a sulfurous atmosphere for 10 min at
150 °C, the conductivity of the Cu/G conductor decreased to
78% of its initial value, while the conductivity of the Cu-G
conductor decreased by only 11%, indicating that the in situ-
formed graphene passivation provided enhanced protection
from sulfur corrosion. Fig. S41 shows the SEM and EDS images
of the Cu/G conductor before and after sulfur corrosion. It is
worth noting that the copper with a conformal Al,O; coating
layer with a thickness of 100 nm (Fig. 4d and S51) showed no
change in morphology before and after exposure to the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sulfurous atmosphere, indicating that the Al,O; coating pro-
tected the printed copper. Printed copper with Al,O; coating
showed robust sulfur resistance at 35 °C for more than 12 h,
with a slight conductivity change of only 1% (Fig. 4e). When the
temperature was increased to 150, 250 and 350 °C, the Cu-Al,O3
conductor maintained its reliability over 12 h, with the
conductivity retention exceeding 95%, suggesting that this is
a promising strategy to passivate Cu conductors to survive high-
temperature sulfur environments.

Conclusion

In summary, the surface passivation of printed Cu-based
conductors with graphene (physical mixing and in situ conver-
sion) or an Al,O; passivating layer afforded corrosion resistance
under a high-temperature sulfurous atmosphere. The synthe-
sized nanoparticles that formed the basis of this study could be
printed using direct writing or ink-jetting onto different
substrates, and the conductivity of the Cu NP conductor showed
an increasing trend with increasing sintering temperature.
When the printed conductor with a conformal 100 nm Al,O;
coating was exposed to a sulfur-containing environment at 350 °©
C for 12 h, the change in electric conductivity of the printed Cu
conductor was less than 5%, maintaining a value of about 4.42
MS m . The proposed strategy provides the potential to extend
the stability of copper conductors under extreme environments.
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