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Additive Manufacturing of High-Temperature Hybrid
Electronics via Molecular-Decomposed Metals

Saurabh Khuje, Firas Alshatnawi, Detlef Smilgies, Mohammed Alhendi, Abdullah Islam,
Jason Armstrong, Jian Yu,* Mark Poliks,* and Shengiang Ren*

As the modern electronic technology extends into operating in harsh working
conditions, it calls for a system that is capable of uncompromising
petformance in extreme environments, thus providing a strong motivation to
look for advanced materials and electronics with the capability of
high-throughput and rapid prototyping. Coupled with additive manufacturing,
molecular decomposition metals bypass the challenging oddities of traditional
material-limited and thermally initiated metalworking, enabling high
throughput and rapid prototyping of stoichiometry and
composition-controlled metals. Here, a new paradigm for the design and
additive manufacturing of copper metallic alloy materials onto ceramics is
described by printing molecular decomposable metal materials, capable of
withstanding thermo-mechanical loading, operating in extreme environments
in static and dynamic conditions. The resulting printed hybrid electronics are
electrically stable for 25 h of aging at 1000 °C. This curious fact paves a way
for printed antenna and sensor electronics that reliably operate up to 1000 °C.
These results can be further extended to establish other printable molecular
decomposable materials as a platform for rapid prototyping of high
temperature electronics that are suitable for harsh environments.

favorably sought after due to its high-thr-
oughput and customization capabilities.>!
This paves a way toward understanding
the response of materials when sub-
jected to high-temperature conditions.
An area that impedes state-of-the-art high
temperature materials is the absence of
intrinsic oxidation resistance, largely for
said high-temperature applications. Hence,
there is a need for developing materials
for electronic applications in tempera-
tures ranging from 600 to 1000 °C.5I
These extreme environments may affect
material properties that involve phase
transformations, oxidation, and corrosion
characteristics.

Though metals are of considerable inter-
est for electrical sensors and devices, high
temperature electronics typically require a
functional material capable of maintain-
ing its electrical conductivity while simul-
taneously exhibiting high oxidation resis-

1. Introduction

Extreme environment electronics calls for advanced materi-
als to function, with desirable futuristic capabilities relating to
rocket propulsion, hypersonic flights or aerial vehicles, nuclear
fusion,!! deep seas, or outer planets!?! with conditions involv-
ing elevated temperatures, pressures, and mechanical or ther-
mal shock. Additive manufacturing for printable electronics is

tance, thus advancing a metal’s oxidation

resistance without compromising conduc-

tivity is crucial for harsh environments.[®]
Copper (Cu) and copper alloys have been broadly utilized in elec-
tronic applications attributed to their high electrical and ther-
mal conductivities,”] and can prove to be an economical and
environmentally-safe surrogate for tin—lead (utilized currently)
and gold- or silver-based alloys (show promise) in packaging of
electronics, if its oxidation can be arrested.l®] The metallic con-
ductivity can be substantially reduced due to oxidation.!] The
passive coating prohibits corrosion on a deeper level, and usually
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the thickness varies from a few nanometers to micrometers.!'12]

Nonetheless, it suffers from reduced conductivity at elevated tem-
peratures, significantly limiting its usage. High-temperature ox-
idation of copper >1000 °C could be mitigated through material
design and manufacturing controls. The addition of nickel (Ni) to
Cu augments tensile strength and ductility,'*] as well as high cor-
rosion resistance.['*15] As a consequence, copper—nickel (CuNi)
alloys are well-known for their high electrical, thermal conduc-
tivities and high oxidation resistance with applications spanning
various fields.[1+-16:17]

Herein, we describe the additive manufacturing of CuNi con-
ductors via thermal decomposition of a mixture of copper-
formate (CuF) and nickel formate (NiF) metal-organic decom-
position (MOD) inks and its response in extreme environments
by subjecting it to high-temperatures (>1000 °C). The develop-
ment of printable MOD inks,['®] which are substitutes for metal-
lic nanoparticle inks, consisting of metal precursor solutions that
are solely synthesized for printing purposes, with metallic cations
bound by ligands, which can be further reduced by thermal de-
composition to form metallic deposits as the ligand molecules
are eliminated, 2% leading to an aggregated percolation network
onto the printed substrate. This also allows for the stoichiomet-
ric variation of metallic precursors in the formulated inks. As
MOD inks are essentially free of suspended particles, they can
be smoothly extruded, thus avoiding clogging of the nozzle.?!]
Here, we study the Cu—Ni-MOD ink characteristics, the effect
of stoichiometric dependence on conductivity and high temper-
ature resistance—temperature (R-T) performance, reliability at
high temperature through aging along with the oxidation kinetics
via in situ X-ray powder diffraction. Since the oxidation kinetics
depend on the diffusion rate of oxygen through the conductor
surface, the resulting alloy provides an electrical stability when
aged for 25 h (resistivity of 0.14 Q cm at 1000 °C for CuNi 1:1 for a
sample dimension of 1.9 cm X 0.5 cm, and a thickness of 275 pm).
The CuNi alloy is one of the materials that has the potential to be
used as a temperature sensor for harsh environments.?2! This
facilitates a method for printing and evaluating a Resistance—
Temperature Detector (RTD) with reliable performance within a
temperature range of 600-1000 °C and enabling a sensitivity of
0.32%x 1072 Q°C~!, and an antenna that is oxidation stable testing
up to a temperature of 1000 °C with relatively negligible change
in the antenna frequency.

2. Results and Discussion

Printable copper and nickel ink complexes, referred to as
CuF-AMP (2-Amino-2-methyl-1-propanol) and NiF-AmIP (3-
Aminopropanol or lamino-2-propanol), are prepared via coor-
dination of Cu and Ni salts with respective ligands. The metal
ions can be reduced to their metallic counterparts by thermal
decomposition by means of ligand-to-metal charge transfer sub-
sequently after printing (Figure 1a).12)] The ink preparation in-
volves the coordination of CuF with AMP and NiF with AmIP
in molar ratios of 1:2 and 1:4, respectively. Both complexes can
be defined in a similar fashion, with a metal ion center, two for-
mate ligands and two amine ligands (Figure 1a). The rheologi-
cal properties has been reported in our previous works.[?*l The
Cu(I)F, Ni(II)F, and amine complexes are produced when CuF
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and NiF salts are dissolved in amines, respectively, as described in
Equation 1:%

Cu(HCOO), + 2R — NH, — Cu(HCOO),(R — NH,), 1
Ni(HCOO), + 2R/ — NH, — Ni(HCOO), (R’ — NH, ), (1)

where R and R’ represent the carbon chains for AMP and
AmIP, respectively. The decomposition of CuF occurs in two
steps, the reduction of divalent Cu to monovalent Cu, followed
by complete reduction of Cu, as shown in Equation 2:(2¢]

Cu"(HCOO0), — Cu' (HCOO) + COyp) +1/2Hyy,
Cu! (HCOO) — Cuyy + COy(y +1/2H, )

The reduction of NiF to Ni follows a similar process. After
mixing the MOD inks together in varying stoichiometric ratios,
they coordinate with each other via formation of hydrogen bond-
ing. The contents of the ink are a result of conversion of Cu-Ni-
MOD ink to CuNi alloy after thermal decomposition (Figure 1a).
The subsequent printing process as well as the stoichiometric ra-
tios that were studied are illustrated as well (Figure 1b). The ink
was directly printed onto the ceramic substrates with desired pat-
terns. One of the primary prerequisites for industry is a material
capable of withstanding extreme environmental conditions for
applications concerning sensing and communication. The high
temperature electronic conductors as a result of CuNi alloy for-
mation and the testing procedures are also depicted (Figure 1c).
A rectangular patch antenna was printed with set dimensions
and tested after sintering, using two distinct heat sources: a hy-
drogen torch and a furnace as shown in (Figure 1c top left and
bottom left). The plot shows the antenna performance with the
furnace as the heat source. At room temperature, the antenna
displays a frequency of 0.84 GHz, with the S,;; parameter value
of —14.23 dB. When the antenna is placed inside the furnace at
1000 °C, the frequency stays the same, S,; changes to —13.52 dB,
demonstrating that the printed CuNi antenna is stable at ele-
vated temperatures, with negligible change in the S;, param-
eter (Figure S1, Supporting Information for antenna). The in-
set shows the schematic of the furnace being utilized for steady
state characterization of the printed temperature sensor and an-
tenna at high temperatures. This principle can be utilized for a
global positioning system (GPS) antenna fabrication for hyper-
sonic aerial vehicles (Movie S1 and Figure S2, Supporting In-
formation). Applications for antenna have prerequisites such as
extreme thermal shock resistance for missile applications, be-
yond line-of-vision communication for small to medium-sized
unmanned aircraft systems for passive monitoring and commu-
nicating temperaturel?’] and pressurel?!! under extreme environ-
ments as well as GPS applications.*?! High-temperature stabil-
ity of printed CuNi conductors motivate the following studies to
provide the mechanistic understanding of its oxidation resistance
under high temperature conditions.

To efficiently convert printed Cu—Ni-MOD ink to an alloy con-
ductor, pyrolysis studies were conducted with a temperature pro-
file ranging from 300 to 1100 °C. The scanning electron mi-
croscopy (SEM) images of printed CuNi alloy pyrolyzed at 500
and 1100 °C with a dense percolation network was observed
(Figure 2a,b). Figure S3 (Supporting Information) for SEM im-
ages for 300, 700, and 900 °C). It can be inferred that when the
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Figure 1. Schematics depict the experimental procedures followed in this study. a) Schematic depicting the printable ink preparation process. Top image
displays the optical images of the prepared MOD inks. The latter section depicts the molecular structures of the MOD inks and the structure after mixing.
b) Schematic depicting the additive manufacturing step of the process, with an optical image of the actual printed RTD sample. The bottom row depicts
the various stoichiometric ratios studied (red=Cu, grayish silver=Ni). c) Schematic depicting the high temperature electronics testing using CuNi alloy.
Plot depicting the antenna frequency at 25 and 1000 °C, indicating the stability with negligible changes to the S;; parameter.

pyrolysis temperature is lower (500 °C), an undesirable level of
porosity of printed CuNi is resulted. Whereas a pyrolyzation tem-
perature of 1100 °C is utilized to form a dense percolation net-
work. The cross-section of the sample pyrolyzed at 1100 °C was
observed under SEM to further elucidate the dense nature of
the printed CuNi conductor (Figure 2c). The differential scan-
ning calorimetry (DSC) studies for respective CuF-AMP and
NiF-AmIP inks, as well as the Cu—Ni-MOD inks from the 1:1
mixture between CuF-AMP and NiF-AmIP were also conducted
(Figure 2d). The decomposition of CuF-AMP takes place in two
steps. For CuF-AMP, the peaks show up at 131 °C and 180°C, the
first one representing the decomposition of CuF-AMP suggest-
ing the formation of Cu(I) intermediate and the second of which
represents the temperature required to reduce to Cu.l*") The inset
shows thermal gravimetric analysis (TGA) of CuF-AMP, depict-
ing the solid Cu content of 15.85%. For NiF-AmIP, two peaks
show up at 142 and 239 °C while the former can be assigned
to the decomposition of NiF-AmIP and the latter representing
the temperature required to reduce the NiF-AmIP complex to
metallic Ni.3! It follows the same decomposition-reduction pro-
cess as the CuF-AMP. The Cu—Ni-MOD peak lies between the
two major peaks of CuF-AMP and NiF-AmlIP, indicating a mix-
ture of the two and that Cu can assist in catalyzing the reduc-
tion of NiF-AmIP at lower temperatures. The Cu can function

Adv. Funct. Mater. 2024, 34, 2311085 2311085 (3 of 10)

as a seed for heterogenous nucleation of metal Ni ion as a re-
sult of decomposition of NiF-AmIP complex. The individual inks
from the TGA analysis (inset, Figure 2d) have 15.52 wt.% Ni
content, while the mixture shows 14.82 wt.% Cu—Ni content.
The Fourier transform infrared spectroscopy (FTIR) was con-
ducted for the individual amines, Cu- and Ni-MOD complexes
as well as the Cu—Ni-MOD inks to further study the complex-
ing characteristics (Figure 2e). Both CuF-AMP and NiF-AmIP
have sharp peaks around 3000-3500 cm™!, corresponding to
N—H stretching bands (3000-3300 cm™!) and C—H stretching
bands (<3000 cm™), with the former confirming the presence
of amines in the ink formulation.[?*! For AMP, absorption peaks
show up at 3343 and 3276 cm™!, a result of symmetric and asym-
metric stretching of NH, groups. The peaks at 2963 cm™! are
attributed to the asymmetric stretch of CH;. The peak associ-
ated with 2870 cm™ is related to the symmetric stretching mode
of CH,. After formulation of the CuF-AMP complex, the NH,
peaks show a red shift, from 3343 cm~! in AMP to 3283 cm™!
and 3276 cm™' to 3149cm™! in CuF-AMP. Additionally, a shift is
observed in the peaks related to the carboxyl groups, from 1587
to 1569 cm™! indicating formation of a free carboxyl group after
dissociation of Cu?* bonded carboxyl group.[*?! These peak shifts
indicate that AMP reacts with CuF, thus causing electron transfer
from amine to Cu-ion, further reducing the density of electrons
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Figure 2. Characterization of MOD inks. a) SEM images for CuNi alloy sintered at 500 °C. b) SEM images for CuNi alloy sintered at 1100 °C. ¢) SEM
image depicting the cross-section of sintered CuNi alloy. d) DSC curves for CuF-, NiF-, and Cu—Ni—MOD inks. Inset: TGA curves for CuF-, NiF-, and
Cu—Ni—MOD inks. €) FTIR for individual amines and CuF-, NiF-, and Cu—Ni—MOD inks. f) Plot depicting XRD for MOD inks processed at different
temperatures. g) Conductivity dependence on different processing temperatures for MOD inks.

of the amines and causing the reduction of metal Cu ion. Similar
characteristic behavior is observed in NiF-AmIP complexes and
Cu—NiMOD inks, where NH, and carboxyl peaks shift indicat-
ing the reduction of their respective metallic ions. Additionally,
CuNi alloy (111), (200), and (220) peaks can be observed as a re-
sult of pyrolysis under forming gas (95% N,, 5% H,) at varying
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temperatures (Figure 2f). It is evident that as the temperature in-
creases, the CuNi (111) peak intensity increases, indicating that
the alloy develops preferentially in (111) plane with higher sinter-
ing temperatures assisting the formation of CuNi alloy. Similarly,
the CuNi (200) and CuNi (220) peaks also arise prominently. For
the FCC copper, the characteristic peaks appear at 43.3°, 50.4°,

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Stoichiometric ratio variation for CuNi alloy. a) Plot depicting the stoichiometric dependent XRD for CuNi alloys. b) The effect of stoichiometric
composition on the conductivity of pyrolyzed CuNi alloy. ) SEM images depicting the percolated nanostructures for various stoichiometries (top left:

3:1, top right: 2:1, bottom left: 1:2, and bottom right: 1:3).

and 74.11° corresponding to (111), (200), and (220) planes.!**] For
FCC nickel, characteristic peaks appear at 44.5°, 51.8°, and 76.41°
corresponding to (111), (200), and (220) planes.>* For the CuNi
alloys, the 26 shifts to 44.1°, 51.3°, and 75.4° corresponding to
(111), (200), and (220) planes, respectively, suggesting the forma-
tion of CuNi alloy (Figure S4, Supporting Information, for CuNi
Raman spectrum signifying the presence of amorphous carbon
on the surface). The conductivity dependence on the processing
temperature of printed CuNi conductors was characterized by us-
ing a four-point probe (Figure 2g). The electric conductivity re-
mains the same (~0.02 MS m™) if the processing temperature is
below or 700 °C, due to the porosity in the network, but increases
once the processing temperature is 900 °C (0.13 MS m™'), with
the sample processed at 1100 °C displaying the maximum con-
ductivity (0.31 MS m™).

In order to achieve the oxidation stability without sacrificing
electrical conductivity, various stoichiometric ratios were studied
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as the MOD inks allow for the stoichiometric ratio control. In
order to determine the respective formation of a highly conduc-
tive and dense CuNi percolation network, we delve into the sto-
ichiometric dependence of the Cu-Ni-MOD inks and the result-
ing alloys (Figure 3). The processed CuNi prepared using differ-
ent stoichiometric ink ratios and their effect on resulting CuNi
phases are studied using XRD (Figure 3a). It can be observed
that lower the Cu content, the (111), (200), and (220) peaks for
Ni dominant stoichiometric ratios (or lower Cu ratios) shift to-
ward higher angles, stipulating an increase in the cell parameter,
which agrees with Vegard’s law.3°] The shift toward higher angles
with increasing Ni content also indicates that Cu—Ni—MOD inks
formed a CuNi alloy.*®! The XRD also elucidates the presence of
pure CuNi solid solution (Figures S5-S8 (Supporting Informa-
tion) for SEM and EDS of stoichiometric samples). For instance,
Cu-dominant ink (3:1) has a peak closer to FCC Cu (111) that ap-
pears at 43.3° compared to Ni-dominant ink (1:3) that has a peak

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. High temperature characterization of CuNi alloys. a) Plot depicting the R-T performance of various stoichiometric ratios. Inset: Zoomed-in
view in the 750—1000 °C temperature range. b) EDS mapping for CuNi alloy aged at 1000 °C for varying times. c) Aging test for different stoichiometric
ratios at 1000 °C for 25 h. d) Plot depicting the minimum thickness required for CuNi sample to endure 1000 °C.

closer to FCC Ni (111) at 44.5°. Regardless, all stoichiometric ra-
tios show (111) peaks between Cu (111) and Ni (111) indicating
the formation of CuNi alloy phase (similar results for peaks at
(200) and (220)). The stoichiometric ratio dependent conductivity
for printed CuNi alloys was further evaluated using a four-point
probe (Figure 3b). It is evident from the plot that higher the cop-
per molar ratio, higher is the conductivity (0.69 MS m~! for CuNi
ratio of 3:1), and as the nickel molar ratio increasing, the conduc-
tivity decreases (0.20 MS m™! for CuNi ratio of 1:3), due to Ni be-
ing less conductive than that of copper (Cu = 5.96 X 107 S m™?,
Ni = 1.43x107 S m™'). SEM observation of the different ratios of
printed CuNi conductors processed at 1100 °C show the Cu-rich
ratios forming a dense network whereas the Ni-rich ratios form-
ing a porous network (Figure 3c).

It is necessary to evaluate high temperature electrical per-
formance to determine the optimum stoichiometry for printed
CuNi. The resistance-temperature characteristics of varying sto-
ichiometric CuNi ratios up to 1000 °C in order to determine the
oxidation initialization point was conducted under ambient con-
ditions (Figure 4a). For the printed CuNi (molar ratio of 1:2) alloy,
oxidation initiation starts ~910 °C (change in normalized resis-
tance from 1 to 5.12 Q). Similarly, for the CuNi (2:1) oxidation
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initiation starts ~#948 °C (change in normalized resistance from
1 to 5.44 Q), for CuNi (1:1) oxidation initiation starts ~960 °C
(change in normalized resistance from 1 to 4.78 Q). For CuNi
(3:1), oxidation initiation starts ~924 °C (change in normalized
resistance from 1 to 4.30 Q) and the CuNi (1:3) survives over
1000 °C (change in normalized resistance from 1 to 2.37 Q). It
is to be noted that although the conductors show signs of oxida-
tion initiation, they remain conductive throughout, and do not
undergo complete degradation. A dense CuNi sample prepared
via compacting CuNi sintered powder, and a melted sample pre-
pared via heating CuNi sintered powder at 1300 °C were also eval-
uated for R-T characteristics (Figures S9 and S10 (Supporting
Information) for R-T curve and cross-sectional SEM and EDS
mapping for the dense sample, Figure S11 (Supporting Infor-
mation) for R-T characteristic of the melted sample). SEM ob-
servation of CuNi was performed for increasing aging times at
1000 °C under ambient conditions, ranging from 1S to 60 min
with EDS mapping overlayed in order to study the oxidation
progression (Figure 4b). From the EDS mapping images, it can
be perceived that after reaching 1000°C, an oxide layer forms
on top of the CuNi and protects the sample from further ox-
idation, as the amount of oxidation remains the same as the
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Figure 5. Oxidation kinetics for CuNi alloy. a) Plot depicting in-situ XRD for CuNi ratio 1:1 from 25° C to 800° C. (b) Plot depicting in-situ XRD for
CuNi ratio 1:3 from 50 to 700 °C. c) SEM image showing phase separation at the cross-section following high temperature aging for CuNi 1:1. Inset:
Morphological plane view of the aged CuNi sample at 1000 °C for 25 h. d) Bar chart depicting the EDS spectra for Cu and Ni presence in Area 1 and

Area 2.

aging time increases (Figures S12-S16, Supporting Information,
for cross-sectional SEM and EDS images of the sample after ag-
ing at 1000 °C for increasing duration). Prolonged aging tests
of the different CuNi stoichiometric ratios was conducted to de-
termine reliability at elevated temperatures under ambient con-
ditions (Figure 4c). For CuNi 1:1 ratio, the resistivity increases
and maintains a steady value of 0.14 Q cm at 1000 °C. Simi-
larly for other stoichiometric ratios of printed CuNi alloy conduc-
tors, the resistivity attains a set value and stabilizes at 1000 °C.
A printed gold sample was utilized as control for aging test, with
the sample beginning to show signs of oxidation around the 8-
mark (Figure S17, Supporting Information). The thickness de-
pendence of printed CuNi on its high temperature stability was
also evaluated under ambient conditions (Figure 4d). A mini-
mum thickness of 275 um is crucial for the printed CuNi (1:1)
to reliably operate at 1000 °C (Figure S18, Supporting Informa-
tion for XRD of the sample before and after testing leading to
failure at 1000 °C, Figure S19 (Supporting Information) for SEM
images of the sample before and after testing at 1000 °C depicting
oxidation by scale-like formation).

To determine the failure mechanism at elevated temperatures,
in situ XRD of printed CuNi (1:1) conductors was performed
(Figure 5a). As the temperature increases >500 °C, apart from
thermal expansion a peak shift can be observed for CuNi (111)
and CuNi (200) peaks as a result of continuous change in lat-
tice constant as a function of composition, suggesting the phase
separation of printed CuNi conductor. A minor peak emerges at
48.55 © at 700 °C and 800 °C, corresponding to the formation of

Adv. Funct. Mater. 2024, 34, 2311085 2311085 (7 of 10)

CuO layer, indicative of the initial oxide layer formation on top of
the conductor (Figure S20, Supporting Information for TGA in
air).’”1'This CuO layer deposits on top of the copper alloy film and
protects the copper matrix,[1®38] and thus helps maintain the elec-
trical conductivity, resulting in a stable performance at 1000 °C.
The in situ XRD of printed CuNi (1:3) conductor was also studied
to further confirm the phase separation hypothesis (Figure 5b).
At a temperature of 50°°C, distinct CuNi (111), (200), and alu-
mina (substrate) peaks can be observed (Figure S21, Supporting
Information for room temperature XRD of CuNi 1:3). Apart from
linear thermal expansion the plots are identical and no variation
in peak positions could be found <500°C. As the temperature
reaches 600 °C, CuNi (111) peak shifts to 43.75 ° from the initial
44.05 °, suggesting phase separation being present in the mix-
ture. It is to be noted that no CuO peak emerges as the temper-
ature goes on increasing further (to 700 °C), which can be at-
tributed to the increased stability provided by higher concentra-
tion of Ni in the CuNi 1:3 alloy. Additionally, the atomic percent-
age of Ni goes on decreasing, from 68% to 63% at 700 °C. The
cross-sectional SEM image of the aged CuNi (1:1), with the inset
showing the SEM image of the morphological plane view after
aging the sample for 25 h at 1000 °C (Figure 5c). From the cross-
section SEM, phase separation is evident attributing to the two
distinct visible regions. A bar chart with the EDS mapping of the
areas marked in Figure 5¢, indicating phase separation in the two
areas of the aged CuNi conductor, with Area 1 being Ni-rich and
Area 2 being Cu-rich, further elucidating the phase separation at
higher temperatures (Figure 5d). As phase separation initiates,
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Figure 6. Resistance-based Temperature sensor testing. a) Schematic depicting the system consisting of data acquisition and wireless communication
modules for the printed RTD. b) Plot depicting the RTD performance of CuNi 1:1 sample at various temperatures. c) The temperature versus normalized
resistance plot for establishing polynomial relation between resistance and temperature. Inset: Ashby plot comparing the maximum sensing temperature
versus temperature coefficient of resistance for RTDs reported in literature and this work (Ni/Cr,[*3] CuUNW/G,[#4] Ni*,[45] Ni** [46] pt* [47] pt** [43]
Pt/Rh,1491 1TO,501 Ay, 311 NiO,,[52] AIl>3] and this work; CuNi). d) Plot depicting the data rendered in real-time from the webpage during the test,
indicative of the temperature when the furnace was in the 535-570 °C range.

Cu is more susceptible to oxidation compared to Ni during high
temperature testing under ambient conditions.

Recent demand for state-of-the-art high temperature sensor
electronics for newer applications require specific parameters,
especially concerned with satisfying the demands for monitor-
ing chemical manufacturing plants, combustion turbines and
engines, combustion reactors and agricultural waste processes,
namely pyrolysis, boilers, furnaces, and heat pumps.[* Printed
high-temperature resistance-temperature detectors (RTDs) use
the resistance variation of printed CuNi conductors with tem-
perature change for temperature determination.[*"! Similar to all
other printed sensors, several factors need to be considered to
achieve high temperature sensitivity, namely the material, con-
figuration, resistance temperature coefficients (TCR), oxidation
resistance, and manufacturing requirements.*!! Now that the
printed CuNi alloy has been characterized for its R-T perfor-
mance and oxidation kinetics, we demonstrate the use of CuNi as
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an RTD for high temperature applications. From the results pre-
sented above, we select CuNi 1:1 ratio for RTD study by printing
CuNi onto alumina substrate (Figure 6) as it shows stable electric
performance with high initial electrical conductivity (higher elec-
trical conductivity compared to CuNi 1:3). A data acquisition and
wireless communication system was utilized to effectively trans-
mit data relating to the resistance and the corresponding temper-
ature (Figure 6a). The MAX31865 amplifier board measures the
resistance from the printed RTD device using a four-point con-
nection, which allows the board to measure and rectify the lead
resistance before each measurement. The board also consists of
a 15-bit analog-to-digital converter (ADC) that helps in achieving
an accuracy of 0.5 °C when connected to a standard 10 Q plat-
inum RTD (PT10). The amplifier board transfers the measured
resistance to an ESP32 microcontroller using serial peripheral
interface (SPI) communication, which in turn converts the resis-
tance to a temperature measurement using a calibration function
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provided by an equation relating resistance and temperature in
the Arduino code. The ESP32 follows protocols 802.11 b g™ n™"
for Wi-Fi, enabling wireless connectivity and deeming it ideal for
wireless communication. An exponential filter was used to elim-
inate the noise, which also affects the sensor response time as
a result. This filter implements a simple linear recursive expo-
nential filter for the Arduino module and provides a simplified
method to smooth noise from measurements without the inten-
sive need of memory as a moving average filter. The performance
of printed CuNi alloy at varying temperatures, ranging from 600
to 1000 °C was evaluated (Figure 6b; Movie S2, Supporting Infor-
mation). Is evident that the curve displays a positive temperature
coefficient and a reversible trend throughout all the runs (with
minor changes in the initial resistance due to onset of oxidation),
thus displaying thermal cyclability of the CuNi alloy based RTD.
The positive trend agrees with metallic conductors and can be uti-
lized to determine the temperature coefficient of resistance (TCR,
@), defined as relative resistance change per degree measured, es-
tablished by the formula R, = R, [1 + a(T,-T,)], where T, and T,
are the initial and final temperatures and R, and R, are the ini-
tial and final resistances. The sensitivity (S), which is a product
of the initial resistance and the TCR. The a value for the 600 °C
runis 0.50 x 1073 °C~!, with $=0.6 x 103 Q °C~!. Similarly, for
700 °C, @ = 1.39 x 1073 °C7!, with S =1.42 x 1073 Q °C~. For
800 °C, @ = 1.80 x 1073 °C~!, with S =2.49 x 1073 Q °C~'. For
900 °C, @ = 1.35 X 1073 °C~!, with S = 1.43 x 10 Q °C™. For
1000 °C, a = 1.82 x 1073 °C™!, with S=1.88 x 103 Q °C1. A
gold RTD was printed and utilized as a control sample for RTD
measurements (Figure S22, Supporting Information). As this ex-
periment showed the ability of the CuNi conductor to function as
a temperature sensor reliably at different temperatures, we go a
step further and establish an Arduino board to test the wireless
RTD capability. A concatenated curve-fit was employed for four
cyclic runs up to 600 °C to calculate the exponents that are to
be plugged into the Arduino code in order to get updates in real
time on the developed webpage (Figure 6¢c; Movie S3, Support-
ing Information). It is to be noted that as prolonged exposure at
higher temperatures result in phase separation between Cu and
Ni, the multiple runs for the RTD were restricted to a tempera-
ture of 600 °C for the RTD application. Figure 6¢ inset shows the
Ashby plot comparing the maximum sensing temperature ver-
sus temperature coefficient of resistance for different RTDs re-
ported in literature and this work (Table S1, Supporting Informa-
tion for values). A fifth order polynomial fit was utilized to obtain
an equation for temperature in terms of resistance in the form
T=C+ B,R+ B,R?+ B;R® + B,R* + B,R’, where Tis temper-
ature and R is the resistance and B representing the correspond-
ing coefficients, and C is the intercept. Here, C = 3.13 x 10° and
B, =—15x 10°, B, = 28.74 x 10°, B, = —27.52 x 10°, B, = 1.31,
and B; = —2.52 x 10°. The corresponding temperature measure-
ment for a certain extent when the furnace was within a temper-
ature range of 535-570 °C as displayed by the server on the web-
page was captured and plotted (Figure 6d). The « value for this
wireless sensor is 0.33 X 107 °C™1, and $=0.32 x 1072 Q °C~L.

3. Conclusion

In this study, we present high-temperature hybrid electronics us-
ing the printed CuNi conductors formed via thermal decomposi-

Adv. Funct. Mater. 2024, 34, 2311085 2311085 (9 of 10)

www.afm-journal.de

tion of CuF and NiF molecular decomposable inks. The printed
CuNi alloy conductors with stoichiometry control provide a stable
electrical performance at 1000 °C under 25 h of aging. This was
utilized to develop a printed temperature sensor, that can reliably
function in the temperature range of 600-1000 °C with a sensi-
tivity of 0.32 x 1072 Q °C~. The printed high temperature an-
tenna was also investigated, by subjecting the antenna to steady
and dynamic high temperature states (> 1000 °C), with the an-
tenna maintaining its frequency under both circumstances, fur-
ther proving the stability of formulated CuNi alloys. This work
opens an extensive path for future research with printable MOD
inks and additive manufacturing, creating conductors that are
electrically stable and oxidation resistant, which can enable ap-
plications for harsh environments.

4. Experimental Section

Copper—Nickel (Cu—Ni) MOD Ink Preparation:  For synthesis of CuNi-
MOD, CuF was mixed with AMP in a molar ratio of 1:2 and then cen-
trifuged in Thinky Mixer ARE-310 for 8 min. Extensive studies on CuF-AMP
MOD has been done in one of our recent works.[*2] Independently, nickel
formate (NiF) was mixed with 1-amino-2-propanol (AmIP) ligand in a mo-
lar ratio of 1:4, with subsequent centrifugation in Thinky Mixer for achiev-
ing a uniform mixture. CuF- and NiF-MODs were then mixed together at a
1:1 Cu:Ni molar ratio (e.g., 3.14 g of CuF-AMP MOD and 2.6 g NiF-AmIP
MOD) to make CuNi-MOD.3" Similarly, for other stoichiometries, solu-
tions were mixed accordingly. The ink mixture was heated on a hot plate
in a glove box at a temperature of 300 °C to obtain Cu-Ni nanoparticles.
This nanoparticle mixture was filtered through a 165 um mesh and directly
used for printing the test samples.

High Temperature Processing and Characterization: The samples were
printed using Voltera V-One, an extrusion-based printer utilizing direct-
writing technique onto pre-etched ceramic substrates. The sample were
then pyrolyzed via a two-step sintering process. The first step involves
heating the samples in a box furnace under nitrogen environment at a
temperature of 300 °C for a duration of 30 min with a ramping rate of
10 °C min~" and allowing natural cooling. For the second pyrolysis step,
a tube furnace was employed, with the samples being pyrolyzed at indi-
vidual temperature ranges of 300-1100°C for a duration of 30 min un-
der an inert atmosphere (forming gas, 95% N,, 5% H,), with a ramping
rate of 5 °C min~! and allowing natural cooling. Electrical conductivities
were obtained via a four-point probe. The electrical stability measurements
were measured using a Keithley 2450 Sourcemeter and a box furnace as a
heating source, with platinum wires as electrodes and a ramping rate of
5°Cmin~".

In Situ XRD:  High-temperature in situ XRD characterization was per-
formed on a PANalytical X'Pert Pro diffractometer using an Anton Paar
DHS 900 high temperature stage (Analytical and Diagnostics Laboratory
at Binghamton University).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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