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Abstract

The present paper reports the use of TEM to investigate the electrochemical behavior of
copper subject to the both free corrosion and polarization in 0.1 M NaCl + 5x10™* M Na,S
aqueous solution at nano scale. The pure copper is found to be transformed into
nano-crystalline Cu,S in the thin region of copper needle in the solution at open circuit
condition. However, rough Cu,S layer is formed in the active region of electrochemical
polarization, which is then converted to the passive CuS layer with uniform thickness at
higher potentials. Upon the continuous increase of applied potential, cubic CuS particles
with the size of ~ 100 nm are precipitated on the needle surface due to the breakdown of
passive layer. Meanwhile, the growth of a large amount of nanosized CuCl particles is
also found, indicating that CI ions participate in the electrochemical reaction in the
transpassive region. It is worth to note that the present work also provides a simple and
cost-effective way for the synthesis of copper sulfides (Cu,S and CuS) through

electrochemical processes.
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Introduction

Copper, one of the most widely used metals, has been employed in various fields for
thousands of years due to its excellent mechanical properties, such as great ductility, high
thermal and electrical conductivity. However, corrosion tends to occur on copper easily
when it is exposed to corrosive environments. The understanding of film growth on
copper under natural immersion as well as the electrochemical conditions is of great
importance for various applications in chemistry and electrochemistry.

The corrosion resistance of copper to sulfide ions has been broadly studied since
copper is an important material in repository and cooling systems, where SH™ ion exists
with very low concentration in the surrounding atmosphere." * Most of the previous
studies focused on the corrosion behaviors of copper in anaerobic sulfide solutions
through long-term immersion."” *7 It is widely accepted that a single cellular Cu,S
(Chalcocite) film will grow on the copper surface after being immersed in sulfide
solution with the presence of chloride ions. However, linear and non-linear growth of the
films on copper was found in sulfide solutions with different concentrations,”* since the
mechanism of the initial state of the film growth is still not so explicit due to the
difficulty in characterizing the thin layer. In addition to the immersion studies,
electrochemical methods have also been performed to investigate the film growth of

8-13

copper in aqueous solutions with the presence of sulfide ions.” ~ Based on these studies,

CusS is still regarded as the main composition of the corrosion layer while CuCl may
appear in the corrosion film during the anodic process. Besides, CuS is another possible

10, 14

product that has not been proved yet. To make better understanding of the film

growth process and the corrosion products, powerful technologies are necessary to enable
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us to observe the morphology of the thin layer in high magnifications and characterize
their compositions.

Transmission electron microscopy (TEM) is a powerful technique, which has the
capability of characterizing oxidation layer on copper'” and even thinner passive film on
nickel'® at nano scale. In the present paper, copper needle specimen was fabricated
initially, followed by short-term immersion and then electrochemical polarization in
anaerobic sulfide solutions. Subsequent examination of the corroded copper needle was
performed using TEM. The evidence of electrochemical behavior of copper needle
subject to sulfide aqueous solution has been successfully collected. In addition, the
present work also provides a way for the synthesis of copper sulfides (Cu,S and CuS)
through electrochemical processes. Metal sulfides have been drawn special attention due

. .. . . . 1724 4 - . 25-28
to their promising potentials in various fields, such as energy storage,'”* bio-sensing,

2931 ot al.

catalysis

It is known that selected area electron diffraction (SAED) pattern generated in TEM is
a normal technique to identify/verify the lattice structure of a crystalline material. But it
is imposed by the size of the selected area aperture, which only enables a minimum area
of a circle with a diameter of ~10 um to be examined. However, Fast Fourier Transform
(FFT) pattern allows the determination of the atomic lattice structure from a small area of
the sample at nano scale. An FFT pattern is a reciprocal image taken and transformed
from a specific area of a real image (i.e. a high-resolution atomic TEM image). The
crystalline structures (such as the lattice cell parameters and crystalline space groups) can

be figured out through the process of indexing the FFT pattern, which are characteristics

of and unique to a specific material. Table 1 lists crystalline space groups and cell

Page 4 of 20



Page 5 of 20

RSC Advances

parameters of.Cu,S, CuS and CuCl.

1. Experimental
The fabrication of copper needles was carried out by using a precise argon ion beam
that sputters the grids of pure copper grid (purity 99.99%). A sample holder that mounts a
copper grid of 3 mm in diameter was loaded into the chamber in a Gatan 691 precise ion
milling system (PIPS) (Gatan, Inc., Warrendale, PA, United States). The detailed
fabricating procedure has been reported in our previous work."> !¢
The open-circuit electrochemical oxidation and anodic polarization of copper needles
were performed in a N,-purged anaerobic chamber with 0.1 M NaCl + 5x 10*M Na,S
aqueous solution at room temperature (25 + 1°). A typical three-electrode potentiostatic
system of AUTOLAB PGSTAT 302N (Metrohm Pte Ltd., Switzerland) was used for the
electrochemical measurements. The post- fabricated copper grids were used as the
working electrode an Ag/AgCl electrode (3 mol L™' KCI solution) as the reference
electrode, and a platinum foil as the counter electrode in the electrochemical cell. All
potential values are referenced against the Ag/AgCl electrode in the present work. The
polarization was implemented by scanning to three potentials at different regions with a
scan rate of 1 mV/s. On completion of the electrochemical experiments, the copper grid
was taken out of the cell rapidly followed by rinsing thoroughly with deionized water,
and then drying 30 min in a vacuumed desiccator at room temperature. Finally, the
sample was transferred into TEM (JEOL JEM-2100F) for observation at an accelerating

voltage of 200 keV.
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2. Results and discussion

Fig. 1 illustrates the evolution of a copper needle after immersion in 5x10* M Na,$
+ 0.1 M NaCl solution for 72 hours. The as-prepared copper needle has a thin tip region
(Fig. la), which is electron transparent and identified to be single crystalline as
demonstrated from the selection area diffraction pattern (inset in Fig. 1a). It is a sharp
spot array and reflected from Cu [1 0 1]. This single crystalline needle tip is completely
transferred into corrosion products (Fig. 1b) after 24 hours’ dissolution in the solution.
These corrosion products present a polycrystalline structure, as indicated from the ring
diffraction pattern (inset in Fig. 1b). The thin area in the needle tip is seen to increase
when subjected to the attack of 48 hours (Fig. 1¢) and 72 hours (Fig. 1d) in the solution.
The loss of the top of the needle tip in Fig. 1c is apparently resulted by the fast corrosion
and the weaker strength of the corrosion products, which are clearly viewed to be porous
and consist of nano-particles from Fig. le, a magnified TEM image of the square marked
area (A) in Fig. 1d. Fig. le shows a high-resolution TEM image taken from the square
marked as B in Fig. 1d. The inset is the indexed FFT pattern performed from the square
area of C and produced from Cu,S[0 0 0 1].

Potentiodynamic polarization was carried out to investigate the anodic behavior of
copper needle in 5x10* M Na,S+ 0.1 M NaCl solution. Fig. 2 shows a typical
polarization curve obtained from scanning the copper needle from -0.1 V to 0.15 V.
During the anodic polarization, the current density increases rapidly between O and A

(active region), then at a very slow rate from A to B (passive region) and very fast again

Page 6 of 20



Page 7 of 20

RSC Advances

afterwards (transpassive region) with the increase of the potential. The variation of
electrochemical behavior that the copper needle performs in the different regions is
reflected by the formation of corrosion product layer over its surface. TEM is a tool that
allows the direct observation of the morphologies of the corrosion products at nanoscale.

Fig. 3a is bright-field TEM image showing an as-prepared pure copper needle which
has a very smooth surface. This surface is then seen to be decorated with a corrosion
product layer (Fig. 3b) after the copper needle is subjected to the polarization across the
activation region the point A. Uneven and fast corrosion rate on the surface of copper
needle over the activation region during the polarization leads to the rough and
non-uniform corrosion product layer formed by nanoparticles. Some nanoparticles are the
corrosion products that are dissolved into the solution and subsequently redeposited back
to the needle surface.® Due to the strong radial converging effect, the corrosion product
layer appears much thicker towards the top of the needle tip.

To clarify the phase structure of the corrosion product layer, HR-TEM images (Fig. 3c
and 3d) are taken from two typical square regions A and B (Fig. 3b), respectively. Based
on the inset FFT pattern converted from square C, hexagonal Cu,S (Chalcocite) in a
projection plane of (2-1-1 0) is identified. Likewise, Cu,S with the same crystalline
structure but at different zone axis [1 0 -1 1] is determined from the FFT pattern that is
generated from the square region D in Fig. 3d. The formation of the CuS layer follows

the reactions below:®

Cu+SH — Cu(SH)us + e (1)

Cu + Cu(SH)ags + SH — CupS + HaS + ¢ )
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It is worth to note that the crystalline structure of Cu,S generated during dissolution and
electrochemical polarization in the electrolyte is identical since Chalcocite is the most
stable structure for Cu,S at room temperature. 12

Fig. 4b is the result after the as-prepared copper needle (Fig. 4a) encounters the passive
polarization till the point B in Fig. 2. The passivation is a process in which the copper
needle undergoes an even dissolution rate leading to the formation of a uniform and
compact corrosion product layer as shown in Fig. 4b. This uniform corrosion product
layer is determined to be hexagonal CuS (Covellite) phase by the analysis of the
reciprocal pattern (inset in Fig. 4c), a HR-TEM image taken from the marked square area
(A) in Fig. 4b at [0 0 0 1] zone axis. Some nanoparticles are visible and decorated over
the layer surface, which are the redeposited corrosion products from the solution. These
nanoparticles are also hexagonal CuS (Covellite) but have a different orientation from the
corrosion product layer. As an example, Fig. 4d shows a HR-TEM image taken from the
square area B of a nanoparticle (Fig. 4b), which is oriented along [1 1 -2 0] zone axis, as
indexed from the inset FFT pattern in Fig. 4d. The formation of the CuS layer follows the

two paths below: >

Cu —2¢e — Cu* (3)
H,S 2 H" + HS “4)
HS 2 H' + §* (5)
1)

CuS + & — 2CuS (6)
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and
2)

Cu’" + S§* — CuS (7)

Cubic particles with the size of ~100 nm are formed on the surface of the passive layer
when the copper needle was further polarized to the transpassive region. A cross-sectional
TEM image (Fig. 5a) shows the edge of the copper needle decorated with many cubic
nanoparticles, which are also identified to be CuS by using the same method as above.
These nanoparticles are seen to be randomly dispersed across the whole surface of the
copper needle in Fig. 5b, a plan-view SEM image. The growth of CuS cubic
nanoparticles may be attributed to the breakdown of the protective layer followed by the
high dissolution of copper into Cu ions which subsequently diffuse towards sulfide
solution. When taking a close look at a high magnification SEM image (Fig. 5c), more
small nanoscale particles are observed to attach on the surface. They are identified to be
cubic CuCl (Nantokite) through the index of the inset FFT pattern performed from
HRTEM image (Fig. 5d). This indicates that CI” ions also involve in the reactions in the
transpassive region when the polarization potential is sufficiently high. Based on these
findings, new synthesis methods can be invented to fabricate CuS nanoparticles using
electrochemical polarization.

According to the results of the electrochemical processes, the estimated formation
mechanisms for each species can be presumed. At low potentials, Cu,S is found to be
predominant due to the electroabsorption/ electrodeposition equation (1) and (2), where

only the Cu at surface is gently oxidized to form Cu,S. With the increase of potentials,
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Cu,S layer is not stable enough to be presented in higher potentials and transform into
CuS passive layer coherent to the copper substrate via equation (6). When it reaches to
the transpassive region, more and more Cu®" can be generated from the copper substrate,
then they will diffuse and penetrate the passive film towards the solution so that CuS
cubic particles can be obtained via equation (7). At this stage, the rapid interaction
between Cu®" and S* leads to the further consumption of S*, which gives rise to the
exposure of excessive Cu’’ to the solution with high-concentration Cl ions. As a
consequence, Cu®" will have to react with CI” to form CuCl although S* has the priority
to combine with Cu®". Thus, electrochemical polarization is an effective way to fabricate
Cu,S and CuS products on the copper surface. Based on the estimation of our research
results, in the open circuit condition, the yield of Cu,S is up to 100% subject to the
corrosion of a long time (72 hours) at the tip region of the copper needle sample. In
contrast, the Cu,S yields in the active region and passivation region are around 30% (in 1
minute) and 50% (in 2 minutes) of the conversion of the copper in the needle sample’s tip
area. The yield of CuS in the transpassive region is approximately 10 CuS nanoparticles

per 1 um? in number.

3. Conclusions

In the present work, electrochemical behavior of copper nanoneedle is performed in
sulfide solutions with the assistance of TEM. Copper encounters the fast corrosion in in
0.1 M NaCl + 5x 10* M Na2S aqueous solution at open circuit condition. Cu,S
nano-crystalline layer with the porous and rough surface is found to form in the active

region during electrochemical polarization. Further electrochemical polarization in
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passivation region brings about a CuS uniform layer. The continuous increase of the
applied potential breaks the passive layer resulting in copper dissolution towards the
sulfide solution, leading to the formation of cubic CuS particles on the needle surface. At
the same time, CuCl is also formed as a result of the reaction between dissolved copper
and chloride ions. Therefore, electrochemical polarization is an effective way to fabricate

CuS nanoparticles on the copper surface.
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Table 1. Crystallographic data of Cu,S, CuS and CuCl

Crystal system Cell parameters
Cu,S hexagonal a= 0.395 nm, ¢=0.675 nm
CuS hexagonal a=0.380 nm, c=1.636 nm
CuCl cubic a=0.493 nm
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Figure 1. (a)- (d) Bright-field TEM images of a copper needle specimen (with inset FFT
patterns of circle region) being immersed in 5x10™* M Na,S+ 0.1 M NaCl solution for 0
hour, 24 hours, 48 hours and 72 hours, respectively; (¢) Magnified TEM image of square

A in Figure 1d; (f) HR-TEM image of square B in Figure le.
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Figure 2. A potentiodynamic polarization curve of copper grid electrode in 5 x 10* M

Na,S + 0.1 M NacCl solution



Page 15 of 20 RSC Advances

Figure 3. (a), (b) Bright-field TEM images of a copper needle before and after

electrochemical polarization to active region in Figure 2, respectively; (c), (d) HR-TEM
images of localized regions A and B in (b) and FFT patterns taken from the inset squares,

respectively.



RSC Advances Page 16 of 20

Figure 4. (a), (b) Bright-field TEM images of a copper needle before and after
electrochemical polarization to passive region in Figure 2, respectively; (c¢), (d) HR-TEM
images of localized regions A and B in (b) and FFT patterns taken from the inset squares,

respectively.
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Figure 5. (a) A bright field TEM image of a copper needle after polarization to
transpassive region in Figure 2; (b), (¢) Low magnification and high magnification
secondary electron SEM images of the same copper needle surface; (d) A HR-TEM

image of the square region in Fig. 5 (a) and FFT pattern of taken from the small particle.



RSC Advances

References

1. Chen ], Qin Z, Shoesmith D. Copper Corrosion in Aqueous Sulfide Solutions under
Nuclear Waste Repository Conditions. MRS Proceedings: Cambridge Univ Press,
2012:imrc11-1475-nw1435-01416.

2. King F, Kolar M, Vahanen M, Lilja C. Modelling long term corrosion behaviour of
copper canisters in KBS-3 repository. Corrosion Engineering, Science and
Technology. 2011;46: 217-222.

3. Chen ], Qin Z, Shoesmith D. Kinetics of corrosion film growth on copper in neutral
chloride solutions containing small concentrations of sulfide. Journal of the
Electrochemical Society. 2010;157: C338-C345.

4. Chen ], Qin Z, Shoesmith D. Long-term corrosion of copper in a dilute anaerobic
sulfide solution. Electrochimica Acta. 2011;56: 7854-7861.

5. Chen ], Qin Z, Shoesmith D. Rate controlling reactions for copper corrosion in
anaerobic aqueous sulphide solutions. Corrosion Engineering, Science and
Technology. 2011;46: 138-141.

6. Chen |, Qin Z, Wu L, Noel |, Shoesmith D. The influence of sulphide transport on
the growth and properties of copper sulphide films on copper. Corrosion Science.
2014;87: 233-238.

7. Taniguchi N, Kawasaki M. Influence of sulfide concentration on the corrosion
behavior of pure copper in synthetic seawater. Journal of Nuclear Materials.
2008;379: 154-161.

8. Martino T, Partovi-Nia R, Chen ], Qin Z, Shoesmith DW. Mechanisms of Film Growth
on Copper in Aqueous Solutions Containing Sulphide and Chloride under
Voltammetric Conditions. Electrochimica Acta. 2014;127: 439-447.

9. Gabrielli C, Ostermann E, Perrot H, Vivier V, Beitone L, Mace C. Concentration
mapping around copper microelectrodes studied by scanning electrochemical
microscopy. Electrochemistry Communications. 2005;7: 962-968.

10. Smith ], Qin Z, Shoesmith D. Electrochemical impedance studies of the growth of
sulfide films on copper. 17th International Corrosion Congress, Las Vegas, NV, 2008.
11. Moll DV, De Chialvo M, Salvarezza R, Arvia A. Corrosion and passivity of copper in
solutions containing sodium sulphide. Analysis of potentiostatic current transients.
Electrochimica Acta. 1985;30: 1011-1016.

12. Perry DL, Taylor JA. X-ray photoelectron and Auger spectroscopic studies of Cu 2
S and CusS. Journal of materials science letters. 1986;5: 384-386.

13. Smith ], Wren ], Odziemkowski M, Shoesmith D. The electrochemical response of
preoxidized copper in aqueous sulfide solutions. Journal of the Electrochemical
Society. 2007;154: C431-C438.

14. De Chialvo MG, Arvia A. The electrochemical behaviour of copper in alkaline
solutions containing sodium sulphide. Journal of applied electrochemistry. 1985;15:
685-696.

15. Wu J, Li X, Yadian B, et al. Nano-scale oxidation of copper in aqueous solution.
Electrochemistry Communications. 2013;26: 21-24.

16. Zhang B, Wu |, Li X, et al. Passivation of Nickel Nanoneedles in Aqueous Solutions.
Journal of Physical Chemistry C. 2014;118: 9073-9077.

17. Han F, Li WC, Li D, Lu AH. In Situ Electrochemical Generation of Mesostructured

Page 18 of 20



Page 19 of 20

RSC Advances

Cu2S/C Composite for Enhanced Lithium Storage: Mechanism and Material
Properties. ChemElectroChem. 2014;1: 733-740.

18. Ren S, Li LQ, Liu ZF, Li M, Hong L. The Light Absorption Properties of Cu2S
Nanowire Arrays. Advanced Materials Research: Trans Tech Publ, 2012:272-276.

19. Han Y, Wang Y, Gao W, et al. Synthesis of novel CuS with hierarchical structures
and its application in lithium-ion batteries. Powder Technology. 2011;212: 64-68.

20. Ren Y, Wei H, Yang B, Wang |, Ding ]J. “Double-Sandwich-Like” CuS@ reduced
graphene oxide as an Anode in Lithium Ion Batteries with Enhanced Electrochemical
Performance. Electrochimica Acta. 2014;145: 193-200.

21. Sun H, Qin D, Huang S, et al. Dye-sensitized solar cells with NiS counter
electrodes electrodeposited by a potential reversal technique. Energy &
Environmental Science. 2011;4: 2630-2637.

22. Chou S-W, Lin J-Y. Cathodic deposition of flaky nickel sulfide nanostructure as an
electroactive material for high-performance supercapacitors. Journal of the
Electrochemical Society. 2013;160: D178-D182.

23. Chen W, Xia C, Alshareef HN. One-step electrodeposited nickel cobalt sulfide
nanosheet arrays for high-performance asymmetric supercapacitors. ACS nano.
2014;8: 9531-9541.

24. Lin ]-Y, Liao J-H, Chou S-W. Cathodic electrodeposition of highly porous cobalt
sulfide counter electrodes for dye-sensitized solar cells. Electrochimica Acta.
2011;56: 8818-8826.

25. Liu ], Xue D. Rapid and scalable route to CuS biosensors: a microwave-assisted
Cu-complex transformation into CuS nanotubes for ultrasensitive nonenzymatic
glucose sensor. Journal of Materials Chemistry. 2011;21: 223-228.

26. Yang Y], Zi ], Li W. Enzyme-free sensing of hydrogen peroxide and glucose at a
CuS nanoflowers modified glassy carbon electrode. Electrochimica Acta. 2014;115:
126-130.

27. Lee H, Yoon SW, Kim EJ, Park ]. In-situ growth of copper sulfide nanocrystals on
multiwalled carbon nanotubes and their application as novel solar cell and
amperometric glucose sensor materials. Nano letters. 2007;7: 778-784.

28. Zhang X, Wang L, Ji R, Yu L, Wang G. Nonenzymatic glucose sensor based on Cu-
Cu 2 S nanocomposite electrode. Electrochemistry Communications. 2012;24:
53-56.

29. An L, Zhou P, Yin ], et al. Phase Transformation Fabrication of a Cu2S Nanoplate
as an Efficient Catalyst for Water Oxidation with Glycine. Inorganic chemistry.
2015;54:3281-3289.

30. Sun Y, Liu C, Grauer DC, et al. Electrodeposited cobalt-sulfide catalyst for
electrochemical and photoelectrochemical hydrogen generation from water. Journal
of the American Chemical Society. 2013;135: 17699-17702.

31. Murugesan S, Akkineni A, Chou BP, Glaz MS, Vanden Bout DA, Stevenson K].
Room temperature electrodeposition of molybdenum sulfide for catalytic and
photoluminescence applications. ACS nano. 2013;7: 8199-8205.

32. Yang Y], Hu S. A facile electrochemical synthesis of covellite nanomaterials at
room temperature. Journal of Solid State Electrochemistry. 2008;12: 1405-1410.



RSC Advances

Table of Contents (TOC) Image

Immersion

>

200 nm

Polarization

The present paper reports the use of TEM to investigate the electrochemical behavior of

copper subject to the both free corrosion and polarization in sulfide aqueous solution at

nano scale.
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