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Quantitative, In Situ Visualization of Metal-Ion Dissolution and
Transport Using 'H Magnetic Resonance Imaging
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Abstract: Quantitative mapping of metal ions freely diffusing
in solution is important across a diverse range of disciplines
and is particularly significant for dissolution processes in
batteries, metal corrosion, and electroplating/polishing of
manufactured components. However, most current techniques
are invasive, requiring sample extraction, insertion of an
electrode, application of an electric potential or the inclusion of
a molecular sensor. Thus, there is a need for techniques to
visualize the distribution of metal ions non-invasively, in situ,
quantitatively, in three dimensions (3D) and in real time. Here
we have used 'H magnetic resonance imaging (MRI) to make
quantitative 3D maps showing evolution of the distribution of
Cu*' ions, not directly visible by MRI, during the electro-
dissolution of copper, with high sensitivity and spatial reso-
lution. The images are sensitive to the speciation of copper, the
depletion of dissolved O, in the electrolyte and show the
dissolution of Cu*" ions is not uniform across the anode.

I n many electrochemical experiments, it is often assumed
that the total measured current is distributed uniformly across
the entire electrode surface. Any evidence for an inhomoge-
neous distribution usually comes from post-mortem exami-
nation of electrode surfaces, which typically requires the
system to be dismantled. This is a destructive process and can
be, in the case of some batteries, potentially dangerous.
Hence, there has long been considerable interest in the
development of non-invasive, in situ measurements of local
current distribution. One of the biggest challenges, in this
respect, is the detection of the distribution of metal ions in
solution, which is critical for the development of improved
battery, anti-corrosion, and electroplating technologies.
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The detection of metal ions in solution can be performed
either spectroscopically or electrochemically. In situ electro-
chemical detection typically uses ion-selective electrodes or
scanning electrochemical microscopy!!! (SECM), which is
often combined with anodic stripping voltammetry®?! (ASV)
to detect metal-ion concentrations at the interface between
the electrolyte and metal with a spatial resolution on the
order of tens of microns at concentrations in the parts per
billion (ppb) to parts per trillion (ppt). However, as the
sample must be scanned relative to an electrode tip, the
technique is invasive, resulting in the disturbance of mass
transfer profiles, and images can be relatively slow to collect,
cover a relatively small area (on the order 107 x 10> um?) and
are generally limited to a two-dimensional (2D) region within
the diffusion layer. Insitu spectroscopic monitoring of
electrochemical reactions® has employed a variety of tech-
niques, including UV/Vis, infrared (IR), and Raman spectros-
copies. The spectroscopic detection of metal ions is most
commonly achieved through the use of molecular sensors,“!
which are typically probed using fluorescence spectroscopy or
microscopy, enabling detection of the presence, concentration
and environment of metal ions through a modulation of the
life time, anisotropy or intensity of the fluorescence signal of
the molecular probe. Optical methods cannot be used on
optically opaque samples and concerns arise that molecular
sensors may affect the chemistry of the system under study.
Nuclear magnetic resonance (NMR) avoids both of these
difficulties as it is able to detect the presence and concen-
tration of metal ions in solution, either directly for NMR-
active nuclei such as "Li or *Na or, indirectly, through the
measurement of '"H NMR relaxation times of solvent mole-
cules,”! which can be sensitive to the presence and speciation
of metal ions. In magnetic resonance imaging (MRI), this
information becomes spatially resolved through the use of
magnetic field gradients.”® However, there are very few MRI
studies mapping the distribution of metal ions near bulk
metals.”! This is largely due to difficulties with performing
MRI experiments on samples containing bulk metals, as
a result of the presence of magnetic susceptibility artefacts
and generation of eddy currents in the bulk metal.”? While,
recent studies have shown that it is possible to overcome these
problems by careful control of electrode orientation and cell
geometry,”® another limitation, is that there are very few
nuclei that can be readily imaged by MRI. In fact, the vast
majority of nuclei are difficult, or impossible, to directly
image with MRI, due to low sensitivity and abundance, as well
as short 7, relaxation times. Hence, indirect detection, by 'H
MRI, offers a unique opportunity for insight into many more
systems of interest than are currently accessible. Also, as 'H
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has high abundance and sensitivity, quantitative, 3D mapping
can be performed in real time.

Herein, we demonstrate the first example of 'H MRI to
produce quantitative, 3D concentration maps of non-MRI-
observable ions, in this case copper ions, going into solution
from a bulk metal, in real time. We use the electrodissolution
of copper as a test system because bulk copper has a low
magnetic susceptibility and Cu?" ions are paramagnetic,
hence detectable at low concentrations. Furthermore, the
corrosion of copper is of substantial industrial and societal
interest owing to the economic and safety implications
associated with the widespread use of copper and its alloys
in domestic and industrial heating/cooling systems, electron-
ics, fuel distribution piping, battery current collectors, medical
components and nuclear waste storage. Experimental studies
of copper corrosion have largely relied on bulk electro-
chemical measurements,” such as cyclic voltammetry, anal-
ysis of the metal surface and bulk identification of corrosion
products,'”! typically using energy dispersive X-rays (EDX)
and Raman spectroscopy. Recently, SECM with underpoten-
tial anodic stripping voltammetry (UP-ASV) has been used to
image Cu’" ion release during the corrosion of copper
deposits on metal surfaces.” This study visualized electro-
chemically active sites in 2D, over a scan area of 215 x 160 pum?
at 15 um resolution. While this method is able to detect Cu*"
with a detection limit of 0.15 nMm, it is not able to produce
quantitative concentration maps of Cu®>" and, as with other
SECM techniques, is invasive. Also, being limited to a rela-
tively small 2D area, it requires pairing with an AC-SECM
scan to identify a region of interest—a combined process
taking over an hour to perform. Anodic dissolution of copper
has also been investigated using digital holography.'!! While
this technique is rapid and benefits from being non-invasive, it
is unable to quantify copper ion concentrations or map the
surface in 2D. Thus, as MRI is able to non-invasively map the
distribution of metal ions in 3D, in situ and in real time, it
offers a unique and novel opportunity to investigate the
underlying mechanisms of corrosion as well as underpin
investigations on the action of corrosion inhibitors.

MRI quantification of dissolved Cu*" concentrations is
possible through measurement of '"H NMR relaxation times
of solvent (water) molecules, which are sensitive to the
presence and concentration of paramagnetic Cu®" ions. A plot
showing the linear relationship between relaxation rate (1/7))
and Cu®" concentration is shown in Figure 1. The relaxivity of
Cu’" in aqueous solution was determined from the slope of
this plot, giving 0.71240.00l mm's™' at 7T. The low
concentration region of the plot in Figure 1b indicates
a nominal detection limit for Cu®*' ions of about 20 um.
Figure 2a shows a schematic diagram of the cell used in the
MRI magnet; a description of the experimental set-up is
provided in the supplementary information. By aligning the
cell with respect to the static magnetic (B,) and radio-
frequency (B,) fields, as shown in Figure 2a, it is possible to
collect distortion-free images of the electrolyte between two
copper electrodes. It was discovered that in addition to the
alignment constraints for the cell with respect to B, and B,
fields, it was also necessary to restrict the height of the fluid
between the electrodes to maintain B, field homogeneity (see
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Figure 1. a) A plot of relaxation rate, 1/T;, (circles) for water in 0.5m
Na,SO,, as a function of CuSO, concentration, with a linear fit to the
data. b) The relaxation time data for the plot in part (a) with the
concentration plotted on a logarithmic scale. The dashed line shows
the relaxation time of the electrolyte in the absence of Cu®" ions. c) A
'H MRI T, relaxation map for a series of 5 mm NMR tubes containing
0.5m Na,SO, with varying CuSO, concentrations. In this image, the
10 mm concentration sample, which has a T; of 0.14 s, appears almost
black.
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Figure 2. a) Schematic diagram of the MRI corrosion cell, showing the
anode (A), cathode (C), and Ag/AgCl reference electrode (RE), along
with their connections to potentiostat (P). b) Vertical and horizontal
"H MR images of a 0.5M Na,SO, electrolyte in the electrochemical
cell. In the vertical image, the Ag/AgCl reference electrode tip is just
visible at the top of the cell as a small vertical black line. The slice
thickness for the horizontal image is the full depth of the cell (along z)
and the slice thickness for the vertical image is the full thickness of
the cell (along y).
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the Supporting Information). Figure 2b shows 2D horizontal
(xy) and vertical (xz) images (with a slice thickness encom-
passing the full width/height of the cell).

A series of T relaxation maps of the electrolyte in the cell
were collected while the cell was inside the MRI magnet
(Figure 3a), during controlled galvanostatic electrodissolu-
tion of the copper anode. The leftmost image was collected
before the first current pulse and shows that the electrolyte
has a uniform 7, relaxation time (7;=2.62s) equal to that
expected for the 0.5M Na,SO, electrolyte, indicating that if
there is any Cu*" in solution it is below the level of detection
(<20 um). Each subsequent map was acquired following
application of a fixed current (as indicated in Figure 3), for
a controlled time, after which images were acquired with the
cell at open circuit. Using the relaxivity of dissolved Cu*" ions,
the T, maps were converted into corresponding Cu®" con-
centration maps (Figure 3b). These maps show Cu*' ions
going into solution at the anode and propagating towards the
cathode. The vertical maps show that dissolution occurs
predominantly at the bottom of the strip. It was investigated
whether the build-up of Cu** ions at the bottom of the anode
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Figure 3. a) T, relaxation time maps from the horizontal (top) and
vertical (bottom) images, with the corresponding total net charge
passed (Q) indicated below. b) Concentration maps of Cu>* from the
T, maps shown in (b). The dashed box indicates a region of the cell
used to produce the concentration profiles presented in Figure 4.
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was caused by density-driven convection. Examination of the
distribution of Cu" ions, following an application of a current
pulse, indicated no significant change in the distribution of
Cu?" over time, other than that expected from diffusion. Also,
NMR measurements of diffusion did not show any enhance-
ment in the mobility of solvent molecules. Hence, if gravita-
tional convection is present, it is a weak effect, and the
inhomogeneous distribution of Cu*" ions is more likely due to
inhomogeneous electrodissolution.

To test the quantitation of these maps, the total number of
moles of dissolved Cu*" measured in the cell was compared
(Figure 4 a) with the charge passed (Q) and the corresponding
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Figure 4. a) Plot of the total number of moles of Cu®" ions measured
experimentally from the vertical and horizontal MRI images as

a function of the total charge delivered by the potentiostat. The
dashed line represents the expected 1:2 ratio of moles of Cu®" ions to
electrons. b) Plot of averaged concentration profiles from the region
indicated in the image shown in Figure 3b. The anode is located at
position 0.0 mm and the cathode at 9.2 mm.

moles of copper ions expected, nc,:, from Faraday’s law
(nce- = Q/2F; where F is Faraday’s constant). Good agree-
ment is observed between the total numbers of moles Cu**
measured from the horizontal and vertical images. Up to
a cumulative charge of 5 mC, the relationship between moles
of Cu>* and electrons follows a ratio of 2 moles of electrons to
1mole of Cu®", indicating the MRI results are highly
quantitative.
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However, after a total charge of 5 mC has passed, the
moles of Cu*" appear to be progressively underestimated as
more current is applied. This underestimation of the moles of
Cu”" appears to be linked to the sharp drop in [Cu*'] detected
near the cathode, which can be best observed in the series of
concentration profiles presented in Figure 4b. These profiles
were collected from the region in the middle of the cell
indicated in Figure 3b, away from the area of increased
dissolution at the bottom of the cell. These profiles show there
is an increase in dissolved Cu®*" as each current pulse is
applied, and the concentration is highest by the anode. The
profiles at a cumulative charge of 3.5 mC, and above, show
a sharp drop in the concentration of Cu*" near the cathode,
which in the case of the profile at 11.5 mC even becomes
negative. This drop in concentration of Cu®" is expected to be
associated with the reduction of dissolved O, at the cathode
producing hydroxide ions,'? which leads to an increase in pH
(Figure SI4 in the Supporting Information), and the subse-
quent formation of Cu(OH),(, or Cu,0, near the cathode.!"”
As these Cu species are solid, they no longer affect the
relaxation of surrounding water molecules and hence become
MRI-invisible. The apparently negative concentration of Cu*"
at 11.5 mC is a consequence of the change in relaxation time
for the solvent associated with the removal of oxygen by the
cathodic reaction. As the oxygen molecule is paramagnetic,
its removal from the solution results in an increase in the
relaxation time, and hence a decrease in the relaxation rate, of
the solvent (see the Supporting Information).

Finally, our ability to visualize the distribution and
concentration of Cu*' ions in 3D is demonstrated in the
images shown in Figure 5. These images were acquired from
a second sample after 2 and 16 mC of charge had been passed
and, with an acquisition time of 25 s, show the evolution of
Cu’" in solution in real time. In this second sample, a scratch
was applied to the anode, immediately prior to filling the cell
with electrolyte, in order to give this local region a thinner
oxide film. In the images in Figure 5, a region of increased
dissolution at the bottom of the electrode can be seen, as was
observed for the previous sample (Figure 3). However, there
is also a region of increased dissolution in the centre of the
anode, at the position of the scratch. This central active
region, which has the same shape as the scratch, can be best
observed in the 2D images of the electrolyte layer (500 pm
thick) immediately adjacent to the anode surface shown in
Figure 5b,d. Thus, these images highlight the ability of the
technique to image heterogeneous dissolution across the
copper surface.

In conclusion, we have demonstrated that '"H MRI can be
used to non-invasively visualize—quantitatively, in 3D and in
real time—the electrochemical generation and transport of
metal ions that are not accessible directly using MRI, through
analysis of the '"H MR signal from the solvent in the
electrolyte. The MR images identified the presence of regions
of enhanced localized dissolution across the copper foil. As
'"H MR images can be acquired on the order of seconds, it is
possible to follow metal-ion dissolution processes in real time.
This methodology is able to achieve a spatial resolution on the
order of 107° m, which is comparable with current SECM
methods, but is able to cover a significantly larger area (ca.
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Figure 5. 3D (a,c) and 2D (b,d) concentration maps of Cu’" ions
dissolved in 0.5M Na,SO, electrolyte following the electodissolution of
the Cu anode. The images in (a,b) was acquired after delivery of 2 mC
of charge and the images in (c,d) after 16 mC of charge. The pixel size
is 500 um (x) x 500 pm(y) x 188 um(z), and the asterisk indicates the
region on the anode that was scratched immediately prior to filling the
cell with electrolyte. The 2D images in (b) and (d) are of the electrolyte
layer (500 um thick) immediately adjacent to the anode surface, and
were extracted from the 3D maps shown in (a) and (c), respectively.

cm?) and is non-invasive. By comparing the measured amount
of Cu*" in the cell with the charge passed, we have shown that
the technique is quantitative and able to accurately detect
Cu’" ions in solution, with a sensitivity of 420 um. The
technique is also sensitive to the change in speciation of Cu in
the region of the cathode where there is an increase in pH as
a consequence of the reduction of dissolved O, in the
electrolyte. Thus, this method provides important insights
into both mass transfer and speciation of metal ions. While the
electrodissolution of copper was used as a test system,
preliminary experiments indicate this technique can also be
applied to the study of other electrodissolution processes,
such as those found in Al-air batteries, Zn electroplating or
the corrosion of austenitic (non-magnetic) stainless steel.

Acknowledgements
The authors thank the Leverhulme Trust (grant number

RPG-2013-222) and EPSRC (grant number EP/K039245/1)
for financial support.

Zuschriften

Keywords: batteries - copper - corrosion - electrochemistry -
magnetic resonance imaging

How to cite: Angew. Chem. Int. Ed. 2016, 55, 9394-9397
Angew. Chem. 2016, 128, 9540-9543

[1] A.J. Bard, M. V. Mirkin, in Scanning Electrochemical Micros-
copy, 2nd ed., CRC Press, New York, 2012.

[2] a) M. A. Alpuche-Aviles, J. E. Baur, D. O. Wipf, Anal. Chem.
2008, 80, 3612-3621; b) S. Daniele, I. Ciani, C. Bragato, M. A.
Baldo, J. Phys. 1V 2003, 107, 353-356; c) M. Janotta, D.
Rudolph, A. Kueng, C. Kranz, H. S. Voraberger, W. Waldhauser,
B. Mizaikoff, Langmuir 2004, 20, 8634 -8640; d) D. Rudolph, S.
Neuhuber, C. Kranz, M. Taillefert, B. Mizaikoff, Analyst 2004,
129, 443-448; e) D. Ruhlig, W. Schuhmann, Electroanalysis
2007, 19, 191-199.

[3] a) C. Amatore, F. Bonhomme, J. L. Bruneel, L. Servant, L.
Thouin, Electrochem. Commun. 2000, 2, 235-239; b) R. L.
McCreery, R. T. Packard, Anal. Chem. 1989, 61, 775A -789A.

[4] L. Basabe-Desmonts, D.N. Reinhoudt, M. Crego-Calama,
Chem. Soc. Rev. 2007, 36, 993-1017.

[5] a) H. G. Hertz, Prog. Nucl. Magn. Reson. Spectrosc. 1967, 3,
159-230; b) M. M. Britton, Chem. Soc. Rev. 2010, 39, 4036 —
4043.

[6] a) M. M. Britton, P. M. Bayley, P. C. Howlett, A. J. Davenport,
M. Forsyth, J. Phys. Chem. Lett. 2013, 4, 3019-3023; b) S.
Chandrashekar, N. M. Trease, H. J. Chang, L. S. Du, C. P. Grey,
A. Jerschow, Nat. Mater. 2012, 11, 311-315; c¢) M. Klett, M.
Giesecke, A. Nyman, F. Hallberg, R. W. Lindstrom, G. Lind-
bergh, 1. Furo, J. Am. Chem. Soc. 2012, 134, 14654 —-14657;
d) A.J. Davenport, M. Forsyth, M. M. Britton, Electrochem.
Commun. 2010, 12, 44—47; ¢) A.J. llott, S. Chandrashekar, A.
Kloeckner, H. J. Chang, N. M. Trease, C. P. Grey, L. Greengard,
A. Jerschow, J. Magn. Reson. 2014, 245, 143 -149.

[7] M. M. Britton, ChemPhysChem 2014, 15, 1731 -1736.

[8] S. Vashaee, F. Goora, M. M. Britton, B. Newling, B. J. Balcom, J.
Magn. Reson. 2015, 250, 17-24.

[9] C.T.J. Low, C. P. de Leon, F. C. Walsh, Trans. Inst. Met. Finish.
2015, 93, 74-81.

[10] H. B. Cong, J. R. Scully, J. Electrochem. Soc. 2010, 157, C200—
C211.

[11] B. Y. Yuan, C. Wang, L. Li, S. H. Chen, Electrochem. Commun.
2009, 71, 1373 -1376.

[12] F. King, M. J. Quinn, C. D. Litke, J. Electroanal. Chem. 1995, 385,
45-55.

[13] B. Beverskog, I. Puigdomenech, J. Electrochem. Soc. 1997, 144,
3476-3483.

[14] J. Hennig, A. Naureth, H. Friedburg, Magn. Reson. Med. 1986, 3,
823-833.

Received: May 3, 2016
Published online: June 22, 2016

Angew. Chem. 2016, 128, 9540—-9543

© 2016 Die Autoren. Verdffentlicht von Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

An dte

Chemie

9543


http://dx.doi.org/10.1021/ac702568c
http://dx.doi.org/10.1021/ac702568c
http://dx.doi.org/10.1021/la049042h
http://dx.doi.org/10.1039/b400051j
http://dx.doi.org/10.1039/b400051j
http://dx.doi.org/10.1002/elan.200603693
http://dx.doi.org/10.1002/elan.200603693
http://dx.doi.org/10.1016/S1388-2481(00)00015-1
http://dx.doi.org/10.1021/ac00188a001
http://dx.doi.org/10.1039/b609548h
http://dx.doi.org/10.1016/0079-6565(67)80015-3
http://dx.doi.org/10.1016/0079-6565(67)80015-3
http://dx.doi.org/10.1039/b908397a
http://dx.doi.org/10.1039/b908397a
http://dx.doi.org/10.1021/jz401415a
http://dx.doi.org/10.1038/nmat3246
http://dx.doi.org/10.1021/ja305461j
http://dx.doi.org/10.1016/j.elecom.2009.10.032
http://dx.doi.org/10.1016/j.elecom.2009.10.032
http://dx.doi.org/10.1016/j.jmr.2014.06.013
http://dx.doi.org/10.1002/cphc.201400083
http://dx.doi.org/10.1016/j.jmr.2014.10.016
http://dx.doi.org/10.1016/j.jmr.2014.10.016
http://dx.doi.org/10.1179/0020296714Z.000000000220
http://dx.doi.org/10.1179/0020296714Z.000000000220
http://dx.doi.org/10.1149/1.3337005
http://dx.doi.org/10.1149/1.3337005
http://dx.doi.org/10.1016/j.elecom.2009.05.008
http://dx.doi.org/10.1016/j.elecom.2009.05.008
http://dx.doi.org/10.1016/0022-0728(94)03705-8
http://dx.doi.org/10.1016/0022-0728(94)03705-8
http://dx.doi.org/10.1149/1.1838036
http://dx.doi.org/10.1149/1.1838036
http://dx.doi.org/10.1002/mrm.1910030602
http://dx.doi.org/10.1002/mrm.1910030602
http://www.angewandte.de

