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Antioxidant high-conductivity copper paste for low-cost
flexible printed electronics
Shuqing Hong1,3, Chimin Liu1,3, Shuqiang Hao1,3, Wenxing Fu2, Jian Peng1, Binghui Wu 1,2✉ and Nanfeng Zheng 1,2

The flexible printed electronics (e.g., wearable devices, roll-up displays, heating circuits, radio frequency identification (RFID) tags)
calls for high-conductivity and low-cost materials, particularly for copper pastes. It is still a big challenge to develop reliable copper
pastes for both antioxidant and high-conductivity flexible printed films and lines. In this work, an antioxidant copper paste was
achieved using copper microflakes with surface passivation by formate ions and thiols, with high conductivity of 13400 S cm−1 (the
same order of magnitude of silver pastes, 1.8–2.5 × 104 S cm−1). The universal applications of as-prepared copper paste in flexible
printed electronics (e.g., electromagnetic interference (EMI) shielding films, anti-fog films, and RFID tags) via screen printing and
curing at 170 °C under ambient atmosphere were demonstrated. The as-printed electronics showed high performance in flexibility,
stability, and reliability. This work shows the great potential of anti-oxidation copper pastes in low-cost flexible printed electronics
for commercial usage.
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INTRODUCTION
Flexible electronics are increasingly gaining research interest in
recent years1–11. A variety of flexible devices, such as wearable
devices, roll-up displays, LEDs, solar cells, and RFID tags, have been
developed by printing technologies12–14. To print flexible electro-
nics, some ideal technologies such as screen printing have been
extensively considered and adopted due to low capital cost, low
pollution, and easy operation, but lack of printable, low-cost, and
highly conductive materials and inks/pastes with suitable solubi-
lity, viscosity and surface tension15,16. Various kinds of materials
such as graphene15,17, carbon nanotubes18, conducting polymers
(CPs)19–21, silver pastes13,22–26, and copper pastes27,28 have been
used in printed flexible electronics. As for carbon-based materials
and CPs, they have an advantage for low cost, but the conductivity
of corresponding inks/pastes is relatively low. Several studies have
focused on enhancing the electrical conductivity of solution-based
CPs using the addition of carbon materials. For example, Lee
et al.20 worked out the carbon/polyaniline-based paste, but with a
low conductivity of 792 S cm−1. As for silver pastes, a lot of
attention have been paid for fabricating high-quality flexible
electronics because of its outstanding conductivity and oxidation
resistance. However, the high price of such material limits large-
scale electronics applications. In view of above-mentioned
problems, metallic copper pastes can be a good alternative for
conducting material because of its low cost and high intrinsic
electrical conductivity. Nevertheless, copper pastes intrinsically
suffer from high susceptibility to surface oxidation upon air, high
temperature, and chemicals. Thus, the only way to realize practical
usage of copper pastes is to possess the anti-oxidation and high-
conductivity performances in a high-efficiency and low-cost way.
Many methods have been attempted to prepare high-

conductivity low-cost copper pastes. The preparation process of
copper pastes includes two common routes: (1) removing the
surface oxide layers of copper powders and preparing the

corresponding pastes with the addition of corrosion inhibitors.
Commonly, acid treatments27,29 for copper micro-scale powders
are developed using acids (e.g., hydrochloric acid (HCl) and
phosphoric acid (H3PO4)) as chemical etching and polishing
agents to make a clean, oxide-free surface of copper27. The
cleaned copper micro-scale powders were mixed in a short time
with corrosion inhibitors and others to form so-called anti-
oxidation copper pastes. For the nano-scale copper paste,
especially Cu nanoparticle inks with corrosion inhibitors, Cu
nanowires were added to improve the electrical conductivity
and reliability of flash light-sintered Cu films30. Although flash
light-mediated processes are promising for air sintering of Cu-
based inks, these approaches require expensive and specific
equipment. To solve these issues, Mai et al.31 have demonstrated
air-atmosphere sintering at low temperature using a novel Cu-
based composite ink with sub-10 nm Cu nanoparticles. The
preparation of sub-10 nm copper particles was complicated with
potential high cost. However, the long-term usage of above pastes
was rarely reported due to the insufficient protection strategy. (2)
Synthesizing the anti-oxidation copper powders with protection
layers and directly preparing the corresponding pastes with
solvents and additives. For the protection methods of copper
powders, protective coating layers32–35 (e.g., silver capping layer,
imidazole-based molecules, organic thiols) have been generally
adopted to prevent oxidation under ambient conditions. In both
routes, conductive films based above copper pastes have been
developed (Supplementary Table 1)31,36–38. Although those
reported methods have somehow improved the anti-oxidation
and conductivity property of copper pastes, those copper pastes
still suffered from insufficient antioxidation protection or complex
preparation process or high cost, limiting their wide industrial
applications.
Recently, we have principally revealed the passivation role of

formate ions (and organic thiols) on copper foils via a highly

1Pen-Tung Sah Institute of Micro-Nano Science and Technology, State Key Laboratory for Physical Chemistry of Solid Surfaces, Collaborative Innovation Center of Chemistry for
Energy Materials, National & Local Joint Engineering Research Center of Preparation Technology of Nanomaterials, College of Chemistry and Chemical Engineering, Xiamen
University, Xiamen 361005, China. 2Innovation Laboratory for Sciences and Technologies of Energy Materials of Fujian Province (IKKEM), Xiamen 361005, China. 3These authors
contributed equally: Shuqing Hong, Chimin Liu, Shuqiang Hao. ✉email: binghuiwu@xmu.edu.cn

www.nature.com/npjflexelectron

Published in partnership with Nanjing Tech University

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00151-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00151-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00151-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00151-1&domain=pdf
http://orcid.org/0000-0003-4015-9991
http://orcid.org/0000-0003-4015-9991
http://orcid.org/0000-0003-4015-9991
http://orcid.org/0000-0003-4015-9991
http://orcid.org/0000-0003-4015-9991
http://orcid.org/0000-0001-9879-4790
http://orcid.org/0000-0001-9879-4790
http://orcid.org/0000-0001-9879-4790
http://orcid.org/0000-0001-9879-4790
http://orcid.org/0000-0001-9879-4790
https://doi.org/10.1038/s41528-022-00151-1
mailto:binghuiwu@xmu.edu.cn
www.nature.com/npjflexelectron


efficient, universal, and low-cost method for oxidation resis-
tance39. In this paper, this surface passivation strategy was
intensively adopted on copper powders, with which antioxidant
copper paste of high conductivity and long-term stability was
further developed and realized via a simple, scalable and
economic way. The copper powder of microflakes was protected
with formate ions (FA) and dodecyl mercaptan (DT) to form a
protective layer, evolved according to our recent report39. The as-
prepared antioxidant copper paste could be screen printed and
cured in air at 170 °C for 10 min, with a conductivity up to 13400 S
cm−1. EMI shielding films, anti-fog films, and RFID tags were
fabricated as examples of applications. All these applications
demonstrated the great potential of anti-oxidation copper paste in
low-cost flexible printed electronics for commercial usage.

RESULTS AND DISCUSSION
Anti-oxidative protection of copper powder
Copper powder in the shape of microflakes was first treated and
passivated by a mixed molecular layer of FA and DT, and then
used as conductive filler in the preparation of antioxidation
copper paste and high-conductivity copper films by screen
printing for flexible electronics study (Fig. 1). The surface
passivation process of commercial copper microflakes (average
80 nm in thickness and 3 μm in lateral size) was detailly described
in the “Experimental Section/Methods”39. The untreated powder
was denoted as Cu-None and as-treated copper powder as Cu-FA/
DT. As shown in Fig. 2a, b and Supplementary Fig. 1a, b, the color
change was obvious from red–brown to pink, but the morphology
and size of copper microflakes was almost unchanged after
surface treatment. Also, the electrical conductivity of Cu-FA/DT
powder was almost unchanged after the 0.1 M NaOH corrosion
test compare to Cu-None powder (Supplementary Fig. 1c). This
indicated that the surface passivation happened on copper
microflakes. As discussed in our previous paper39, the thin oxide
layer on copper surface was converted into the structure of [Cu(μ-
HCOO)(OH)2]2. The integration of FA and adscititious thiol would
endow copper powders with oxidation resistance, ready for the
direct preparation of high-conductivity pastes for the latter study.
The successful surface decoration and protection of FA and DT

on copper powders were demonstrated by the characterization of
surface species via Raman/FTIR spectra and alkali resistance test in
strong base: (1) As shown in Raman spectra (Fig. 2e), there was no
obvious characteristic peak on the surface of copper powder

before anti-oxidative decoration, while the characteristic peak of
(–OCO–) appeared at 1566 cm−1 position and (–CH–) characteristic
peak appeared at 2934 cm−1 of copper powder after anti-
oxidative decoration29,40. The organic species with (–OCO–) and
(–CH–) were assigned to HCOO−41. And the thiol molecules were
identified by IR spectra (Supplementary Fig. 1d). These confirmed
the successful decoration of FA and DT on copper microflakes. (2)
The alkali resistance test was carried out in 0.1 mol L−1 NaOH
aqueous solution (pH= 13) at room temperature for 24 h. The
surface of Cu-None powder after the test was covered with
needle-like ‘flowers’ (Fig. 2c), which were Cu2O and CuO species
verified by the Raman peaks at (147, 213) cm−1 and (417, 628)
cm−1 (Fig. 2f), and the XRD patterns showed the presence of 36.4°
and 38.5° peaks in XRD patterns (Fig. 2g, h), respectively. While the
surface of Cu-FA/DT powder kept unchanged after alkali resistance
test (Fig. 2d), the anti-corrosion results of Cu-FA/DT powder
indicated the strong binding of FA and DT on copper microflakes.
In summary, the presence of FA/DT and their strong binding on
copper microflakes endowed the as-prepared Cu-FA/DT powder
with attractive anti-corrosion and anti-oxidation capacity, which
were ready for the fabrication of anti-oxidation high-conductivity
copper paste for further studies.

Preparation and properties of copper paste
The anti-oxidation copper powders with FA/DT protection layers
were directly used for preparing the corresponding pastes with
solvents and additives. The optimized copper paste was
composed of above Cu-FA/DT powder, phenol resin, triethanola-
mine (TEOA), and 2-Amino-2-methyl-1-propanol (AMP) as both
solvents and curing agents, dimethyl carbonate as an additive
agent to enhance flexibility42,43. In the field of conductive pastes, it
is common and convenient to use the mass ratio to quantify each
component; in our case, the optimum mass ratio was
50:22:15:11:2, which was shown in the Methods section. More
specifically, phenol resin afforded the conductive copper paste
with adhesiveness and curability, as well as outstanding thermo-
setting shrinkage to ensure intimate contact among copper
microflakes44. Triethanolamine immobilized the copper powder,
and suppressed the active effect of the carboxyl groups of the
formate under room temperature. Both TEOA and AMP was used
to cure the phenol resin at elevated temperature. Accordingly, the
Cu-FA/DT powder was well dispersed in the matrix of organic
phase, resulting in homogeneous antioxidant copper paste (Fig.
3a) with high screen-printing capability. The copper paste was

Fig. 1 General scheme for fabricating antioxidant copper paste and screen printing flexible electronics. The entire process to prepare the
flexible electronics includes: decorating the flake copper powder, mixing & grinding the copper powder and solvent (containing resin
additives and others), screen printing on flexible substrates, and curing the wet films in air at 170 °C for 10min to form final flexible
conductive films.
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curable in an ambient atmosphere and inert gas (e.g., N2) was not
needed. The best temperature was no lower than 170 °C to cure
our copper paste to reach high conductivity (Supplementary Fig. 2
and Supplementary Table 2). Voids or pin holes among copper
powder were eliminated by the shrinkage of phenolic-
formaldehyde resin during the curing process at 170 °C (Supple-
mentary Fig. 2b, c and Fig. 3a) and the total solid content (copper
powder, 50 wt.% (Supplementary Fig. 3b), and cured phenol resin)
of the paste was up to 72.58 wt.% after fully cured (Supplementary
Fig. 3c). The adhesion ability of printed films could reach 5B level
(Supplementary Fig. 3d), measured according to the international
standard of ISO 2409-92. Consequently, the Cu-FA/DT paste with
optimized content of solvent and resin possessed suitable
viscosity (12500 cP at 20 °C) and rheological property, endowing
the cured films with high mechanical property, as well as strong
adhesion to the substrates (e.g., polyimide-PI, polyethylene
terephthalate-PET, glass).
The Cu-FA/DT paste with shrinkable polymer resin also ensured

the cured films with continuous conducting paths for high
conductivity and oxidation resistance. To verify the anti-
oxidation ability of conductive Cu-FA/DT films prepared by
surface-decorated copper powder in an ambient atmosphere, a
comparative test was examined with conductive films prepared by
pristine copper powder (Cu-None film) as shown in Fig. 3b. The
sheet resistance of Cu-None film increased by 6464 times from 4 Ω
sq−1 @25 μm to 25856 Ω sq−1 @25 μm after 2160-h storage at
room temperature. However, the sheet resistance of Cu-FA/DT film
was basically maintained at around 30 mΩ sq−1 @25 μm.
Additionally, the Cu-FA/DT film showed its stability at 60 °C (Fig.
3c): the initial sheet resistance of Cu-FA/DT film was 28.91 mΩ
sq−1 @25 μm, and it was 29.80 mΩ sq−1 @25 μm after 480 h. These
results confirmed the attractive conductivity and anti-oxidant
capacity of the Cu-FA/DT films made from Cu-FA/DT paste.
The mechanical, conductive, and antioxidant properties of the

cured Cu-FA/DT films were further comprehensively studied. Here,
lines with various widths were firstly screen printed and cured
together on PI substrate, using Cu-FA/DT paste (Fig. 3d). The
printability and uniformity of copper paste on substrate are the
key indexes to evaluate the quality of screen printing. Under

certain condition by screen printing, the thickness of printed lines
was about 25 µm when the line width was greater than 1.0 mm
(Fig. 3e). When the width of printed line was less than 1.0 mm, the
printing thickness decreased with the decrease of line width. The
measured electrical resistance of conductive lines of different
lengths and various line widths were showed in Fig. 3f. Obviously,
it exhibited a high linear correlation between line length and
resistance, and the resistance decreased as the printed line width
increased. These results are well fitted to the definition of
electrical resistance: R= ρL S−1, where ρ, L, S are the resistivity,
length, cross-sectional area, respectively. And the electrical
conductivity of printed lines was higher than 104 S cm−1 (an
average of 13400 S cm−1), much better than previously published
papers (Supplementary Table 1)27,32,33. Note that it is specific for
using formate and dodecyl mercaptan to protect copper powder
to realize the highest conductivity of final copper paste
(Supplementary Table 3).
The flexible property was characterized via bending test on the

screen-printed conductive lines with different widths (Fig. 3g–i).
The relative electrical resistance (ΔR/R0) of printed lines was
plotted vs bending cycles (Fig. 3h), which was almost unchanged
with the line width higher than 0.5 mm. While the relative
electrical resistance slightly increased with the decrease of the line
width below 0.5 mm, and the maximum ΔR/R0 of the finest line
(0.2 mm in width) we tested was not beyond 5% after 500 times of
bending. When plotting the ΔR/R0 value after 500 bending cycles
as a function of line width (Fig. 3i), it was found that our Cu-FA/DT
paste was equivalent to commercial flake-like silver paste. For
comparison, spherical copper paste was prepared using similar FA
anti-oxidative protection and with the same content of organic
phase. The ΔR/R0 of lines printed by flake copper paste and
spherical copper paste after 500 times bending cycles (Supple-
mentary Fig. 4) confirmed the superior in choosing microflake-like
copper for study. Therefore, by integration of flake-like Cu-FA/DT
and phenol resin, the Cu-FA/DT films and lines made from Cu-FA/
DT paste had outstanding mechanical, conductive, and antiox-
idant properties, ready for the development of low-cost flexible
printed electronics.

Fig. 2 Effects of FA/DT surface passivation on commercial copper microflakes. Copper powder before and after alkali resistance test in
0.1 MNaOH at room temperature for 24 h. SEM images of a, c Cu-None powder and b, d Cu-FA/DT. Raman spectra of Cu-None powder, Cu-FA/
DT powder before (e) and after (f) the alkali resistance test. XRD patterns of Cu-None powder, Cu-FA/DT powder before (g) and after (h) the
alkali resistance test.
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Flexible printed electronics of copper paste
As discussed in the above sections, the as-prepared antioxidant
copper paste had attractive printable, electrical, and mechanical
properties, and was expected to be printed for high-performance
flexible electronics. In this work, all-printed EMI (electromagnetic
interference) shielding films, anti-fog heating films, and RFID tag
antennae were fabricated and characterized to prove the
feasibility and universality of copper paste applied in flexible
printed electronics.

EMI shielding films
Flexible films with high conductivity but minimal thickness is
highly desirable to provide EMI shielding in many fields45. Here,
EMI shielding films (Fig. 4a, b) were fabricated by screen-printing
copper paste on a PI substrate. The EMI shielding effectiveness
(SE) can be altered by the film thickness. As proved in Fig. 4c, the
SE showed a slightly positive correlation with the film thickness,
when the thickness was beyond 15 μm. The slight enhance in EMI
SE was due to the multiple reflection of electromagnetic wave
caused by laminate structure of copper paste. When a 35 µm-thick
film made from copper paste was tested, an EMI SE value up to
68.8 dB at 3.5 GHz was recorded, enough to block 99.9999% of
incident radiation with only 0.0001% transmission45. A 35 µm-thick
film from silver paste was also tested, demonstrating similar
shielding capacity and mechanism (Supplementary Fig. 5). Note
that the EMI SE of films made from copper paste reached the
same value of silver paste.

To obtain better EMI SE, the EMI shielding bilayer films from
flake copper paste and graphene ink were also prepared (Fig. 4d).
The films made from commercial graphene ink (Fig. 4e) and our
copper paste (Fig. 4f) possesses a superb electrical conductivity of
30mΩ sq−1 @25 μm (copper side) and 3.4Ω sq−1 @25 μm
(graphene side). The conductivity was calculated by the sheet
resistance and film thickness. Figure 4g shows that the SE of 8 μm
single graphene film was around 30.6 dB @ 3.5 GHz, and that for
35 μm single copper film was 68.8 dB @ 3.5 GHz. To our surprise,
the EMI shielding bilayer film (totally 43 μm) from both graphene
ink and flake copper paste could be promoted to 80.3 dB (much
higher than that of 45 μm copper film), enough to block more
than 99.99999% of incident radiation. This may be attributed to
the synergistic effect between copper and graphene46. This
finding was similar to the previous reports47. We believe that
other two-dimensional materials with intrinsic EMI property can
be integrated with our copper paste to reach a maximum EMI
shielding. A comprehensive literature review of previously studied
materials for EMI SE (Supplementary Table 4)45,48–53 clearly
indicates that the copper paste is an outstanding candidate for
EMI shielding materials.

Electric heating anti-fog films
Transparent films and substrates with electric circuits in the
camera or mirror are supposed to be heated to eliminate the
temperature difference between films and the environment, that
is to prevent fogging caused by the temperature difference
between cold and hot54,55. Here, anti-fog flexible films were

Fig. 3 Electrical and mechanical properties of the antioxidant copper paste. a Optical images of the copper paste prepared by a three-roll
grinder. b Long-time stability of copper films at room temperature. c Long-time stability of the Cu-FA/DT film at 60 °C. d Optical image of lines
screen-printed on PI substrate with different widths. e Cross-sectional SEM image of the printed line with 1.0 mm width. f Electrical resistance
of the printed conductive lines as a function of line widths. g Bending test on a cylindrical rod with a radius of 5 mm. h Relative electrical
resistance of the printed conductive lines on PI during 500 bending cycles at a bending radius of 5 mm. i Relative electrical resistance of
various conductive lines on PI printed by different conductive pastes after 500 bending cycles.
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fabricated by screen-printing copper paste on a PET substrate with
a designed circuit (Fig. 5a).
Detailed studies on the performance of our anti-fog films were

carried out. Firstly, the cold and hot shock tests on the
encapsulated films at −20 to +60 °C under the heating voltage
of 4 V were performed to verify the stable operation of the anti-
fog films with copper-based heating circuit. After 8 cycles of shock
tests, the resistance of copper-based heating circuits was basically
stable, and the heating capacity could be maintained in ambient
conditions since the center temperature of the films at 4 V
unchanged (Fig. 5b). The center temperature was dependent on
the applied higher voltage, confirmed by Fig. 5c. Also, the power
and center temperature were maintained after continuous test of
6 days, indicating the stability under different voltages. The
average temperatures of films corresponding to the input voltages
of 4, 8, and 12 V were 34.9, 39.2, and 41.6 °C, respectively (Fig.
5d–f). The anti-fogging effect was demonstrated according the
Chinese test standard for anti-fogging plastic film (GB/T 31726-
2015) (Fig. 5g–i). Upon covering the film on 80 °C hot water, the
fog was immediately formed on the bottom, and then dis-
appeared in 30 s after charging the film at 5 V. This result confirms
the potential of flexible heating circuits and electronics based on
our antioxidant copper paste.

RFID tags
Common passive RFID tags can be divided into high-frequency
(HF, 13.56 MHz) tags and ultra-high-frequency (UHF, 915 MHz) tags
according to their working frequency10,15,17. HF tags are suitable
for short-range identification, while UHF tags for long-range
identification. In this work, the design, printing, and research of
RFID tags based on antioxidant copper paste were carried out and
demonstrated to be suitable for different frequencies and
different occasions.
The HF RFID tags were provided by including HF coil antennae

printed with copper paste flexible (PI) substrate, HF RFID IC chips,

copper tape for bridge connection, as shown in Fig. 6a. The tag
antennae with different number of coils were designed and
fabricated. For the convenience of comparison, the length and
width of outer-ring antennae were all chosen as 80 and 50 cm,
respectively, and the line width and line spacing were all chosen
as 1 and 0.5 mm, respectively (Supplementary Fig. 6a). The
number of the coils was chosen from 4 to 9. The HFSS software
was used to calculate the inductance of antennae. The compar-
ison between the calculated and measured inductance of the
fabricated tag antennae was presented in Fig. 6b, indicating that
the measured inductance data of antennae with different number
of coils was consistent with the calculated one. Preferably, the
inductance of 8-coil antennae was most suitable for the resonance
condition, and the reading range of 8-coil antennae was up to
4.5 cm (Fig. 6b). In addition, the fabricated tags could be bent or
twisted during our test. After bending an 8-coil HF tag at a
bending radius of 5 mm for 500 cycles, the ΔR/R0 value was almost
zero, and the reading range was unchanged (Supplementary Fig.
6b). To further verify the stability of the fabricated antennae, a
comparative test was examined on the long-term resistance and
reading range of tags fabricated by antioxidant copper paste and
commercial silver paste with 8 coils (Fig. 6c). The resistance of
copper paste antennae and the reading range of corresponding
tags were unchanged after storing for 70 days. In addition, the ΔR/
R0 of tag antennae printed by antioxidant copper paste was
basically equal to that by commercial silver paste during the
cycling test from −20 to +60 °C for 6 h (Supplementary Fig. 6c).
The above results demonstrated that the antioxidant copper paste
had great potential to replace silver paste in the application of HF
RFID tags.
For the UHF RFID tags, each consists of two main components: a

UHF antenna and an UHF RFID chip attached to the antenna. The
antenna design was first performed on the HFSS software to
simulate the antenna model, and an optimized model was finally
found through folding the arms of a dipole antenna along a
meandered path (Supplementary Fig. 7a), considering the

Fig. 4 Characterization of EMI shielding films. a Image of the film printed with copper paste on PI substrate. b Bending display of the film.
c EMI SE of copper paste films at different thicknesses. d Image of the film printed with flake copper paste and graphene ink. e Cross-sectional
SEM image of the graphene ink layer. f Cross-sectional SEM image of the copper paste layer. g EMI SE of films printed with different materials.
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impedance matching and size reduction. The printed antenna
with a chip was shown in Fig. 6d. The maximum gain of the dipole
antenna was −2 dB, as shown in Fig. 6e, and the two-dimensional
radiation patterns of the antenna were symmetrical (Supplemen-
tary Fig. 7b, c), indicating that the virtual antenna had good omni-
directivity20. The reflection coefficient (S11) indicated how well a
given tag antenna structure was matched to the attached RFID
chip. And the small value of S11 indicated the high efficiency of
the antennae. The S11 of a fabricated dipole antenna was −38 dB
(Fig. 6f). The calculated and measured S11 results were in good
agreement with the minimum point at a frequency of around
915MHz. It was noted that the difference observed between the
calculated and measured S11 values was mainly caused by the
deviations between the measured and defined impedance data of
the employed UHF chips. Moreover, the reading ranges of dipole
tag antennae with copper paste printed on non-metal substrates
(e.g., PI, paper, and textile) were about 12.8, 11.3, and 7.7 m
(Supplementary Table 5), respectively, regulating with the EIRP
(Equivalent Isotropic Radiated Power of reader) of 4 W. These data
confirmed the realization of UHF RFID tags based on the
antioxidant copper paste and their feasibility on different
substrates.
The UHF tags with dipole antennae had a long recognition

distance on non-metal substrates, and were further designed and
improved to work on the surface of metal objects. Therefore, on-
metal UHF RFID tags based on microstrip patch antennae printed
with copper paste were further explored (Fig. 6g). After modeling
and optimization, each on-metal RFID tag consisted of three main
components: a folded-patch antenna, an UHF RFID chip attached
to the antenna, and a 30 × 30 × 3.0 mm3 soft PET foam with a
dielectric constant of εr= 1.03 and a loss tangent of tanδ= 0.0001
(Supplementary Fig. 8a, b). Each antenna is composed of an
E-shaped patch and a square ground plane, which could all be
printed on the same layer of the unfolded PI substrate. The square

ground plane was adhesive to the reverse side of the PI film, and
the naked inlay was folded around the soft foam. And the
maximum gain of the antennae with the optimized parameters
was −8.7 dB (Supplementary Fig. 8c). Good agreement was found
for the calculated result and measured result of S11 (Supplemen-
tary Fig. 8d), indicating that the proposed tag antenna was well
conjugate-matched with the chip impedance at the resonant
frequency of 915 MHz. Additionally, the S11 values of different
conductive material-based antennae collected from previous
reports13,15,17–20,22–26 were plotted with the antenna conductivity
in Fig. 6h. The as-fabricated on-metal antennae by copper paste
exhibited a S11 value (−38 dB) lower than that of other materials
with the same level conductivity (Supplementary Table 6), similar
to the antennae fabricated by silver paste25. Moreover, the reading
ranges of the microstrip patch RFID tags could reach 4.8 m when
placing on an aluminum metal of 5 mm in thickness. Compre-
hensive comparison was listed in Supplementary Table 7 with
reported on-metal tag antennae that can be found in the
literature, showing the superior performance with small size.
Therefore, the newly designed on-metal tags using copper paste
here were simple, low-cost, flexible, and able to achieve a long
reading range.
The HF tags, UHF tags, and on-metal UHF tags with reading

range of 4.5 cm, 12.8 m, and 4.8 m (Table 1), respectively, were
successfully realized in this work. This confirmed that the
antioxidant copper paste showed a huge application prospect in
various RFID-based fields.
In conclusion, we have demonstrated an effective method to

fabricate antioxidant high-conductivity copper paste for printing
low-cost flexible electronics under ambient conditions. The
modification of formate anions and organic thiols endowed the
flake-like copper powder with attractive anti-oxidation property,
and also the as-prepared copper paste with high electrical
conductivity (13400 S cm−1 of cured films and lines). The

Fig. 5 Characterization of anti-fog films. a Flexible pattern of screen-printed copper paste conductive circuits on PET substrates. b Cold and
hot shock tests under 4 V input voltage. c Output power and steady-state center temperature of the electrothermal device as a function of
power-on time. IR images of the electrothermal device under d 4 V, e 8 V, and f 12 V input voltage. g–i Optical images of copper electric
heating film, putting on 80 °C hot water with a distance of 5 cm.
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antioxidant copper paste can be printed on different substrates
with attractive electrical properties and mechanical properties.
This allowed the achievement of outstanding performances in
stability, flexibility, and economy for printed electronics (i. e. EMI
films, heating circuits, and RFID antennae). Note that additional
coatings56,57 may be needed to reinforce the electronics before
they can really be deployed in practice. Our work proposes an
approach to utilize and optimize antioxidant copper paste for low-
cost, eco-friendly, and efficient applications. Since the copper
paste has a much lower cost (<20%) compared to silver paste, we
believe that the real era using antioxidant copper paste instead of
expensive silver one is coming.

METHODS
Materials
Copper powder (~10 µm, flake-like, ≥99.99%) was purchased from Xindun
Alloy Welding Material Spraying Co., Ltd., China; ethylene glycol ((CH2OH)2,
AR), sodium formate dihydrate (HCOONa·2H2O, AR), Copper(II) formate
tetrahydrate (Cu(HCOO)2·4H2O), ethyl alcohol (C2H5OH, AR), sodium
hydroxide (NaOH, AR) and sodium chloride (NaCl, AR) from Sinopharm
Chemical Reagent Co., Ltd., China; oleylamine (C18H37N, 80–90%), and
dimethyl carbonate (DMC) from Shanghai Aladdin Biochemical Technology
Co., Ltd., China; N-dodecyl mercaptan (C12H26S, 98%) from Shanghai
McLean Biochemical Technology Co., Ltd., China; phenolic resin (4200 cP at
20 °C, measured by a Brookfield (B-type) viscometer) from Dongguan
Zhicheng Plastic Co., Ltd., China; triethanolamine (TEOA, AR) from Xilong

Science Co., Ltd., China; 2-Amino-2-methyl-1-propanol (AMP, AR) from
Shanghai Yuanye Biological Technology Co., Ltd., China. Here,
HCOONa·2H2O and C12H26S were used for the modification of copper
powder. Phenolic resin and curing agents (TEOA, AMP, etc.) were used for
the preparation of copper paste. Commercial silver paste (SP-1015) was
supplied by Guangdong Nanhai ETEB Technology Co., Ltd., China, which
was used for comparison with copper paste. Commercial graphene ink (No.
XH-H-01) was supplied by Xiamen Xihe Technology Co., Ltd., China. And
the polyethylene foam was supplied by Laird Technology Co., Ltd.

Decoration of copper powder
In a typical process, (CH2OH)2 (10mL), HCOONa·2H2O (1 mL, 0.2 gmL−1),
C18H37N (1 mL), Cu(HCOO)2·4H2O (10 µL, 20mg L−1) and flake copper
powder (1 g) were successively added into a 30mL hydrothermal reactor,
according to our previous report (Nature 2020, 586, 390). Then, the mixed
solution was stirred in the closed hydrothermal reactor at 120 °C for 3 h
(note that the thermal treatment temperature should be beyond 100 °C
and pH value should be within 7–12 to ensure the repeatability of anti-
oxidative decoration). Subsequently, the upper liquid was removed, and
the copper powder at the lower layer was immersed in C12H26S (10mL,
1 mmol L−1) for 5 min. Afterward, the copper powder was filtered and
washed with C2H5OH for three times, and then dried in a vacuum drying
oven at 60 °C for 8 h to obtain an antioxidant copper powder.

Preparation of copper paste
To obtain the antioxidant copper paste, antioxidant copper powder,
phenol resin, TEOA, AMP, and DMC were mixed at mass ratio of

Fig. 6 Characterization of RFID tags. a Structure diagram (left) and physical picture (right) of HF RFID tag. b Calculated and measured
inductance and reading range of HF RFID tag antennae affected by number of coils. c Comparative test on the long-term resistance and
reading range of antennae with 8 coils fabricated by antioxidant copper paste and commercial silver paste. d Physical picture of the UHF
dipole RFID tag. e Three-dimensional radiation pattern of the UHF dipole RFID tag antenna model calculated by HFSS. f Calculated and
measured S11 results of the fabricated UHF dipole tag antennae. g Physical picture of the UHF microstrip patch RFID tag. h Comparison of S11
values and conductivity of antennae for different studied material with antioxidant copper paste.
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50:22:15:11:2, and then uniformly dispersed by a homogenizer. In addition,
to minimize the gap between the flake-shape copper powders inside the
copper paste, a three-roller grinder was vigorously used for three times
(note that almost no chemical change or any oxidation occurred in this
process, since the color of copper paste was not changed, and the
temperature was not obviously elevated). The copper paste could be
stored in a storage device for several months.

Fabrication of EMI shielding films
The EMI shielding films printed with flake copper paste were cured in air at
170 °C for 10min. And each copper-graphene-composited EMI shielding
film was composed of a graphene ink film (8 μm) and a copper paste film
(35 μm). Firstly, the graphene ink was printed on the PI substrate, after
curing in air at 150 °C for 30min, the flake copper paste was printed on the
cured graphene film. Finally, the copper-graphene-composited film was
torn off from the PI substrate for usage.

Fabrication of anti-fog films
The anti-fog film pattern was designed in an ANSYS workbench software,
and the heating circuit pattern with a thickness of 15 μm was transferred
to PET (155 μm in thickness) substrate by screen printing using fabric
screens with the specification of 300 mesh. After that, the samples were
cured in air at 170 °C for 10min.

Fabrication of RFID tags
The antenna models were simulated and optimized in an ANSYS HFSS
software. Then, the antennae were fabricated by screen printing using
fabric screens with the specification of 300 mesh. Substrates such as PI
(57 µm in thickness), paper (30 µm), or textile (160 µm) were used. After the
screen printing, the samples were cured in air at 170 °C for 10min. To
further demonstrate the prospective application of the antioxidant copper
paste in RFID devices, fully RFID tags were fabricated. The Fudan S50 IC
chips were attached to bridge the gap of the HF antennae using tiny silver/
copper paste and a copper tape, and the Alien H3 IC chips were attached
to bridge the narrow gap of the UHF antennae and on-metal antennae by
conductive adhesive.

Characterization and measurement
Raman spectra of copper particles were measured through a Raman
spectrometer (IDSpec ARCTIC). XRD patterns were acquired on a Rigaku
Ultima X-ray diffractometer. Sheet resistance of various thin films was
studied through four-point probe measurements (ST2558B, Suzhou Jingge
Electronic Co., LTD), and the average value was present upon test at least
five times. The morphology of copper powder and copper films was
studied using a field-emission scanning electron microscope (ZEISS SIGMA
SUPRA 55). The differential scanning calorimetry (DSC) curves were
measured through a differential scanning calorimeter (DSC214). Fourier
transform infrared (FTIR) spectra were recorded from 4000 to 650 cm−1 on
a Nicolet iS50 FTIR spectrometer (Thermo Scientific Corporation) in the
diffuse reflection-FTIR mode. The resistance and inductance were
measured with a LCR meter (Tonghui TH2829X). The reading ranges of
RFID tags and UHF RFID tags were examined with HF reader (RC522) and
UHF reader (KLM930), respectively (Supplementary Fig. 9). RFID tag
antennae were connected to a coaxial cable by a SMA connector, and
the return loss (S11) of antennae was evaluated with a vector network
analyzer (ZNB8) in the frequency range from 830 to 1000MHz. The alkali
resistance test was carried out by immersing 0.1 g copper powder in NaOH
solution (2mL, 0.1 mol L−1) at room temperature for 24 h. After that, the
copper powder was centrifuged and washed with H2O for three times, and
then dried in a vacuum drying oven at 60 °C for 8 h. The cold and hot
shock test was carried out by setting the temperature cycle program in

turn as −20 °C for 2.5 h, −20 to 60 °C for 50min, 60 °C for 2.5 h and 60 to
−20 °C for 50min.

DATA AVAILABILITY
The authors declare that the main data supporting the findings of this study are
available within the article and its Supplemental material file. Extra data are available
from the corresponding author upon request.
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