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CONSPECTUS

lectrochemical cells, in the form of batteries (or
supercapacitors) and fuel cells, are efficient
devices for energy storage and conversion. These istctleerrv
devices show considerable promise for use in por-
table and static devices to power electronics and
various modes of transport and to produce and store
electricity both locally and on the grid. For example, Bl
high power and energy density lithium-ion batteries | spectrometer
are being developed for use in hybrid electric vehicles T
where they improve the efficiency of fuel use and
help to reduce greenhouse gas emissions. To gain

Magnet

insight into the chemical reactions involving the multiple components (electrodes, electrolytes, interfaces) in the electrochemical
cells and to determine how cells operate and how they fail, researchers ideally should employ techniques that allow real-time
characterization of the behavior of the cells under operating conditions. This Account reviews the recent use of in situ solid-state
NMR spectroscopy, a technique that probes local structure and dynamics, to study these devices.

In situ NMR studies of lithium-ion batteries are performed on the entire battery, by using a coin cell design, a flat sealed plastic
bag, or a cylindrical cell. The battery is placed inside the NMR coil, leads are connected to a potentiostat, and the NMR spectra are
recorded as a function of state of charge. ’Li is used for many of these experiments because of its high sensitivity, straightforward
spectral interpretation, and relevance to these devices. For example, ”Li spectroscopy was used to detect intermediates formed
during electrochemical cydling such as Li,C and Li,Si, species in batteries with carbon and silicon anodes, respectively. It was also
used to observe and quantify the formation and growth of metallic lithium microstructures, which can cause short circuits and
battery failure. This approach can be utilized to identify conditions that promote dendrite formation and whether different
electrolytes and additives can help prevent dendrite formation. The in situ method was also applied to monitor (by ''B NMR)
electrochemical double-layer formation in supercapacitors in real time. Though this method is useful, it comes with challenges. The
separation of the contributions from the different cell components in the NMR spectra is not trivial because of overlapping
resonances. In addition, orientation-dependent NMR interactions, induding the spatial- and orientation-dependent bulk magnetic
susceptibility (BMS) effects, can lead to resonance broadening. Efforts to understand and mitigate these BMS effects are discussed
in this Account.

The in situ NMR investigation of fuel cells initially focused on the surface electrochemistry at the electrodes and the
electrochemical oxidation of methanol and CO to CO on the Pt cathode. On the basis of the >C and '°°Pt NMR spectra of the
adsorbates and electrodes, CO adsorbed on Pt and other reaction intermediates and complete oxidation products were detected
and their mode of binding to the electrodes investigated. Appropriate design and engineering of the NMR hardware has allowed
researchers to integrate intact direct methanol fuel cells into NMR probes. Chemical transformations of the circulating methanol
could be followed and reaction intermediates could be detected in real time by either H or >C NMR spectroscopy. By use of the in situ
NMR approach, factors that control fuel cell performance, such as methanol cross over and catalyst performance, were identified.
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1. Introduction

Concerns about finite energy resources, together with the
need to decrease greenhouse gas emissions, have provided
considerable incentive to increase usage of renewable en-
ergy and to increase the efficiency of devices that produce
greenhouse gases such as carbon dioxide. The electrification
of transportation (via, for example, the use of hybrid and all-
electric vehicles) forms part of this strategy, decreasing use
and diversifying the type of fuels that can be used (since
multiple fuels can be used to produce the electricity). The
increased use of intermittent renewable energy sources on
the electric grid is not without challenges and more efficient
ways to store and convert electrical energy are required. Fuel
cells, batteries, and supercapacitors represent some of the
most appropriate technologies for this, particularly for small-
scale operations or load-leveling and frequency regulation.
For example, lithium-ion batteries (LIBs) have the highest
energy densities among the currently available chemical
energy storage technologies, with ever-improving power
capabilities; they have at least in part enabled the portable
technology revolution. LIBs, however, currently fall short of
some of the goals for larger end use applications, energy
density, safety, and cost all being concerns. Electrical double
layer capacitors (EDLCs) or supercapacitors represent another
type of energy storage device that find potential uses in the
above applications, due to their fast rate of discharge and
charge and their essentially unlimited cycle life." Unlike a
battery, which uses a redox reaction to store energy, energy
is stored in an EDLC via the formation of an electric double
layer at the interface between a solid electrode (often a
porous carbon electrode) and a liquid electrolyte. Fuel cells
(FCs) use an external fuel such as hydrogen, hydrocarbons, or
alcohols as the source of chemical energy to produce elec-
trical energy by electrochemical reactions with an oxidant
(typically oxygen). Some of the most widely recognized
advantages of FCs are their high efficiency, high power
density, practically zero waste, and ease by which they can
be stacked together to provide devices ranging in size from
small portable equipment to large scale power generation.?

Fundamental research and development are needed to
enable technological breakthroughs and increase market
penetration of batteries, supercapacitors, and fuel cells.?
NMR spectroscopy has played an important role in increas-
ing our understanding of the structure and dynamics of the
different components in these devices, including the elec-
trodes, separators, and liquid and solid electrolytes, due to its
chemical specificity, its ability to detect dynamical processes
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that occur over a wide time scale, and its applicability to both
crystalline and amorphous materials.

Given the enormity of the field, we concentrate here on
the more recent in situ NMR investigations, where the
systems are investigated during electrochemical cycling.
We do not review ex situ NMR analysis®*~® and magnetic
resonance imaging (MRI) in fuel cells” and batteries,® which
are all active fields of research. Although the in situ approach,
to date, does not benefit from the high resolution afforded
by magic angle spinning (MAS), there are various magnetic
interactions that can be used to probe changes in local
environment in electrochemical cells. Changes and forma-
tion of phases are often associated with changes in the
electronic environment surrounding the nuclei. Several
interactions can be used to gauge the electronic environ-
ment, namely, the chemical shift, the Knight shift for metals,
the Fermi contact shift in the presence of paramagnetic
centers, and the quadrupolar interaction. The latter is parti-
cularly relevant for LIBs since both “Li (1 = 3/2, 93%
abundance) and °Li (I = 1, 7% abundance) are quadrupolar
nuclei.

2. Li-lon Batteries and Supercapacitors

In situ NMR investigations of batteries allow the different
components to be investigated on the same battery at
different states of charge. Transient states and the dynamic
processes taking place in real time can be studied. In this
approach, a whole cell is assembled and mounted into the
NMR probe. The cell is then connected to a battery cyclerand
the spectra are recorded during electrochemical cycling.
Early work (on carbonaceous anodes) made use of a toroid
cell. In the first steps toward real-time NMR measurements,
the increased capacity observed in various synthetic carbons
was investigated.® A coin cell design was employed with the
electrode material directly mounted on the conductor of the
NMR circuit for optimal sensitivity and placed in a toroidal
cavity detector (TCD).'° To avoid complications in spectral
analysis, the lithium metal and separator were extracted
from the cell making the experiment an ex situ NMR mea-
surement. A step forward toward in situ acquisition was made
using a design based on a coin-cell type battery (Figure 1a)."’
The cellis composed of a copper disk that acts as both a current
collector in the battery and the NMR detector. The working
electrode is then pressed onto the copper disk followed by
the separator and the lithium metal counter electrode. The
assembly is held together by brass screws on top of a piston
that applies uniform pressure to the stacked components
of the cell and is placed in a cylindrical metallic container
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FIGURE 1. (a) The compression coin cell battery. (b) Voltage profile and ”Li NMR spectra for one cycle of Li/composite carbon cell. Spectra were
recorded for points A—G and separated for the metal region (right inset) and reacted lithium (left inset). Figure adapted from ref 11. Copyright 2001

Institute of Physics Publishing.

(the toroid). This setup allows alternating in situ electroche-
mical and NMR measurements to be performed by connect-
ing and disconnecting a potentiostat to the rods attached to
the current collectors. The radio frequency (RF) current
applied to the circuit creates an inhomogeneous RF mag-
netic field across the layers stacked on top of the detector.
Thus, composite pulse sequences were employed to achieve
uniform excitation of the nuclear spins in the different
regions of the cell. (The inhomogeneity in signal excita-
tion/detection was also employed to image the various
components). Lithium intercalation in a blend of spherical
and flaky graphitic carbon particles was investigated by
recording static “Li spectra at different states of charge
(Figure 1b). The study made use of ex situ NMR studies of
lithium insertion into graphite, which showed a progressive
Knight shift of the “Li resonance to higher frequency with
increasing Li intercalation between the graphitic sheets'?
and a change in the quadrupole line shape due to the
change in the local electric field gradient induced by the
surrounding hexagonal carbon units.'® Resonances are, for
example, observed due to dense stage | or Il compounds
(LiCg and LiCy5; ~50 ppm) at the end of discharge.

The separation of the battery components from the
NMR hardware enabled the first in situ continuous NMR
studies.'*~'° The cell design was based on the plastic batteties
developed by Bellcore,'” where the two electrodes (here
carbon and lithium) are attached to copper mesh current
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collectors, thermally laminated to the opposite sides of the
separator and packaged and sealed in an aluminum-coated
plastic bag (Figure 2a). The whole flexible cell can now fit into
a standard 10 mm solenoid NMR coil. The in situ NMR spectra
of a cell containing disordered carbon (Figure 2b) show an
intense ”Li LiPF electrolyte peak at —2 ppm and a metal (Li)
peak at 263 ppm (not shown). As the cycling commences, a
new peak appears, which shifts to higher frequency with
discharge (lithium insertion). The peak was assigned to
quasi-metallic lithium located in the bulk of the carbon fiber
where there are fewer graphenic layers and they are more
disordered. This environment is responsible for the large
reversible capacity of these carbons. A fourth peak at about
18 ppm was assigned to lithium in more ordered graphitic
regions. Lithium insertion into natural graphite electrodes
was then compared with results for carbon composite elec-
trodes comprising graphene-coated pyrolized carbon
cloths."® The in situ measurements of graphite provided
clear assignments of the NMR shifts and quadrupolar cou-
pling constants for the different lithiated graphite phases,
which were quite distinct from the two featureless reso-
nances (intercalated and quasi-metallic lithium) of the car-
bon composite electrode.

The methodology was extended to investigate alloying
of lithium in silicon anodes.?° Silicon is an attractive alter-
native to carbon, potentially offering a 10-fold increase in
both volumetric and gravimetric capacity. A downside is a
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FIGURE 2. (a) Schematic representation of the Bellcore plastic bag cell. Reprinted with permission from ref 19. Copyright 2007 Elsevier.
(b) “Li NMR spectra acquired during insertion/deinsertion in carbon fabric. Inset shows detail of one spectrum showing the two peaks corresponding to
inserted lithium. Reprinted with permission from ref 15. Copyright 2003 The Electrochemical Society.

volume expansion of 300%, often resulting in a loss of
particle connectivity and capacity fade. As lithium insertion
commences, amorphous phases are formed thus limiting
the applicability of diffraction techniques to follow structural
changes. “Li NMR spectra obtained during lithium insertion
are shown in Figure 3, along with the cell design. The four
resonances in the region 0—8 ppm observed in the initial
spectrum are due to lithium in the electrolyte, the solid
electrolyte interface (SEI) layer, and a Li,C phase. During cell
discharge three distinct lithium environments can be identi-
fied: the resonance that shifts from 18 to 14 ppm is assigned
to lithium nearby small silicon clusters; the sharp intense
resonance at 4.5 ppm is due to lithium nearby isolated
silicon ions with some contribution from SEI components;
finally the resonance at —10 ppm, which appears at deep
discharge, is assigned to a crystalline phase with stoichiom-
etry close to Li;5Sis. Comparison with the ex situ NMR data
indicates that this crystalline phase is metastable and reacts
with the electrolyte via a “self-discharge” process. This pro-
cess can be slowed by the addition of binders such as
carboxymethylcellulose.

Lithium metal represents the ultimate anode material.
However, its use is considered hazardous due to the forma-
tion of lithium microstructures (mossy or dendritic lithium
deposits on the surface of the bulk lithium metal) upon
extended cydling.® These microstructures can detach from
the anode and migrate to the cathode side, causing a short
circuit that can result in a rapid heat release that can ignite
the flammable organic electrolyte. In situ NMR can be used to
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FIGURE 3. (a) Schematic of the flexible plastic battery. (b) Stacked plots
of in situ ’Li NMR spectra of a crystalline Si vs Li/Li* battery.
Representative deconvoluted ’Li spectra at various discharge capacities
(A1, A2, A3) shown below the in situ experiments. Reprinted with
permission from ref 20. Copyright 2009 American Chemical Society.

identify conditions in which these microstructures are
formed and monitor their evolution in a quantitative
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FIGURE 4. Effect of multiple cycles onthe 7LiNMR spectra of a metallic lithium symmetric cell containing C; min BF4 (A) or C; mpyr TFSI (B) ionic liquid
electrolytes. (a) Deconvoluted “Li NMR resonances at three different times. (b, ) Measured voltage and applied current during the electrochemical
cycling. (d) Experimental NMR signal intensity, lexpr, and calculated intensities under the assumptions that there is no skin depth issues (lvo)) and that all
lithium is smoothly deposited (Isp). (€) lexpt Was used to calculate the mass of the deposited lithium in the case of microstructures (V,,), smooth
deposition of lithium (Msp), and the total Li mass (My;). Reprinted with permission from ref 21. Copyright 2010 Macmillan Publishers Limited.

manner, this approach making use of the limited penetra-
tion depth of the RF field into the bulk lithium metal.?' As a
result, only the surface and subsurface regions (up to ap-
proximately 13 um) of lithium metal are detected, while
lithium nuclei in the thin microstructures can be fully excited
and detected (since they are <5 um in diameter). This
approach was utilized to monitor microstructure formation
in two ionicliquid electrolytes (1-ethyl-3-methylimidazolium
tetrafluoroborate (C;min BF,) and 1-butyl-methylpyrrolidi-
nium bis(trifluoromethanesulfonyl)imide (C4qmpyr TFSI) dif-
fering in their ability to suppress dendrite formation. The
results performed on symmetric bag cells (with lithium metal
on both electrodes) containing the Comin BF, electrolyte
(Figure 4A) show the formation of microstructures on cycling
(Figure 4Aa) in the form of a growing peak at 270 ppm. The
unchanged resonance at 250 ppm corresponds to lithium at
the surface of the bulk lithium. Models based on either no
skin-depth issues () or assuming that the lithium is
smoothly deposited on the surface of the lithium metal
(Isp) do not fit the signal intensity (lexp) (Figure 4Ad). By taking
into account the skin depth issue, the mass of the micro-
structures that are formed can be calculated (figure 4Ae).
When the C;mpyr TFSI electrolyte is used, no growth of the Li
microstructures is observed (Figure 4B) after cycling for more
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than 12 h, even when high currents are used; the paper also
explored the role of stable SEI formation in microstructure
formation. This paper was the first to exploit the magnetic
susceptibility (BMS) effects that occur in these systems to
separate the signal arising from lithium in the microstruc-
tures from that of the bulk metal.

Bulk magnetic susceptibility (BMS) effects play a signifi-
cant role in all static in situ NMR measurements.?> While
those in diamagnetic materials are typically small, they
should be taken into account for a full and accurate assign-
ment of the spectra. When metallic and paramagnetic
electrodes are introduced into the cell, these effects are
increased due to the presence of delocalized or unpaired
electrons, respectively. BMS effects arise due to interactions
at the particle level (when the sample is heterogeneous and
composed of several components), as well as macroscopic
phenomena that depend on the overall shape of the sample.
The effect on the “Li shift of lithium metal is demonstrated in
Figure 5a, where the resonance shifts about 30 ppm as the
lithium metal strip is rotated in the NMR coil. The lithium
metal (@and other conductive components such as graphite)
will also affect the shifts and broadening of the other (e.g,,
the electrolyte) components in the cell. For paramagnetic
materials these effects become even more significant, and
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respect to Bo. (b) 7Li static spectra of Li; ogMn 9204 film at different
orientations with respect to Bo. Reprinted with permission from ref 22.
Copyright 2012 Elsevier.

this coupled with the large line broadening associated with
the electron—nuclear dipolar interactions, render in situ NMR
investigations of, for example, transition metal oxides ex-
tremely challenging. Nevertheless they can be accounted for
as is demonstrated in Figure 5b where the ”Li static spectra
acquired from a manganese spinel (Li; ogMn;9204) elec-
trode film is plotted as a function of the film's orientation
with respect to the magneticfield. A shift range of 900 ppm is
covered when the film is rotated by 90° due to the BMS.23
Susceptibility effects were exploited in the in situ NMR
investigation of EDLCs, to gain a deeper understanding of
the mechanisms of double layer formation and factors
affecting the capacitance.?* The plastic bag cell design was
modified such that the two electrodes were sheared along
the cell's long axis so as to separate the resonances from the
two electrodes, only one electrode being placed in the
NMR coil (Figure 6a). "'B NMR spectra acquired from a
cell composed of porous YP-17 carbon electrodes and
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Reprinted with permission from ref 24. Copyright 2011 American
Chemical Society.

BF,~ tetraethylammonium salt in acetonitrile electrolyte
(Figure 6b) contained three major resonances, which were
assigned to BF,~ ions in the double layers near the carbon
surfaces (most negative shifts), weakly bound ions that are
shifted downfield, and a narrow peak due to free ions in the
electrolyte. This assignment was based on titration experi-
ments in which a controlled amount of electrolyte was added
to the electrode while monitoring the growth of the three
environments and on separate relaxation measurements.
As expected, the total integrated signal intensity decreases
as the voltage is lowered to —2 V, consistent with removal of
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molar fraction (x) of Li ions. Reprinted with permission from ref 25.
Copyright 2011 Elsevier.

the BF,; ™ ions from the electrode and diffusion of the ions to
the side of the cell outside of the NMR coil (Figure 6¢). The
strongest influence of the voltage is on the BF;~ resonance
ascribed to the ions near the carbon, its spin-relaxation time
decreasing at positive potentials, and its intensity increasing
as more ions enter the pores on charging.

While the plastic bag cell is used in most in situ measure-
ments performed to date due to its clear benefits such as
low metal content, ease of assembly, and flexibility, it suffers
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from limited filling factor. In addition, care must be taken to
prevent electrolyte leakage, air and moisture contamina-
tion, and loss of contacts between the electrodes (due to the
lack of external pressure). To overcome these difficulties but
still benefit from the use of standard NMR probes, Poli et al.?*
designed a new cell comprising a robust cylindrical plastic
(polypropylene) housing, which is easy to assemble and can
be filled with powders, allowing the amount of active
component under investigation to be increased (Figure 7a).
The cell housing is open on one side and equipped with a
screw-like cap for tight sealing. Copper wire current collec-
tors are inserted through the bottom of the cell and its cap.
The cell performed well during the initial cycles, but capacity
fading was then observed possibly due to loss of pressure.
31p in situ NMR measurements were carried out on the anode
material, CusP (Figure 7b). The pristine CusP signal is ob-
served at 160 ppm, and the electrolyte salt, LiPF, is observed
at —143.6 ppm. Upon discharge, a new 3'P environment is
formed at —270 ppm, corresponding to LizP disordered
phase, which is not observed by diffraction techniques.
The cylindrical shape of this new cell may lend itself to
MAS NMR techniques, if an approach that allows for stable
spinning could be found.

3. Fuel Cells

In situ NMR studies on fuel cells (FCs) have focused on
probing the chemical reactions at the electrodes and the
fate of fuels such as methanol during FC operation. Reaction
intermediates of fuel oxidation can be observed, pathways
to cell degradation identified, and catalyst efficiency inves-
tigated under multiple operating conditions. Pioneering
work investigated only one electrode under potential
control,?® while more recent work®’ has focused on using
a more technically challenging setup involving placing an
actual FC inside a custom-built NMR probe and allowing the
fuel and oxidant to flow in and out of the cell.

Following the preliminary investigation of the electro-
oxidation of "*CH3OH on Pt electrode by ex situ surface NMR
electrochemistry,® the first in situ NMR electrochemical cell
(Figure 8a)*®2® involved a powdered Pt-black working elec-
trode, conditioned for adsorption with '3CH3OH in aqueous
H>SO,4 under potentiostat control outside the cell. The Pt
working electrode and solution were transferred into the
NMR cell comprising a 10 mm NMR tube containing the
electrodes, the Pt electrode being placed inside the NMR coil
and connected to an external potentiostat with a platinum
wire. The complete stepwise oxidation of '>*CH;OH to form
13C0 and then '3CO, on the Pt black electrode could be
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FIGURE 8. (a) In situ electrochemical NMR cell. Reprinted with permission from ref 29. Copyright 1997 Royal Society of Chemistry.

(b) "*Cand ">N NMR surface spectra and corresponding Korringa relationships of Pt'>CO(ads) (m), Pt' *CN(ads) (®) and PtC'°N(ads) (®, W) obtained by
electro-oxidation of '3C-labeled '3CH30H in H,S0,, adsorption of '3C-labeled Na'3CN, and '*N-labeled NaC'®N in Na,SOy, respectively, and their

corresponding Korringa relationships. Reprinted with permission from ref 30. Copyright 1998 American Chemical Society. (c) 'C chemical shift vs

potential for Pt'3CN(ads) (®) and Pt'>CO(ads) (O). Reprinted with permission from ref 29. Copyright 1997 Royal Society of Chemistry.

monitored by '>C NMR, while varying the electrode poten-
tial. Pt'3CO(ads) was first observed as a broad and downfield
resonance,* with a Knight shift of ~200 ppm, the broad-
ening largely arising from the '3C chemical shift anisotropy
(CSA) and an anisotropic contribution to the Knight shift. As
the electrode potential is increased, line narrowing was
observed and ascribed to the oxidation of adsorbed '3CO,
whichiis stripped off the surface as '>CO, gas dissolved in the
solution (Figure 9b).2528

The sensitivity of this NMR electrochemical prototype cell
was then improved and the cell modified to allow condition-
ing of the Pt electrode directly inside the electrochemical cell
(Figure 9a).?° '3C NMR spectra of Pt'3CO and Pt'3CN
(obtained by electro-oxidation of '>CH;OH and Na'3CN,
respectively) were obtained in less than 4 h with very good
signal-to-noise ratios (Figure 9b).?°3° Both samples have
similar line shapes, dominated by '3C CSA, Knight shift
anisotropies, and broadening from magnetic field gradients

from the Pt demagnetizing fields. Pt' 3CO resonates at a shift
that is ~170 ppm from CO in the gas phase (~160 ppm), due
to a Knight shift caused by the interaction with the metallic
Pt. The '3C spin—lattice relaxation times (T;s) of Pt'>CO have
been determined as a function of temperature (7),°3' and
the T; was found to be inversely proportional to T, demon-
strating that the T; relaxation mechanism is driven by
conductive electron spins satisfying the Korringa equation:?

h Ve 2
"= (o) ()
K<4mkg Yn
where y and y,, are the gyromagnetic ratios of the electron
and the nudleus (rad-s'-T~"), K is the knight shift (ppm), &
is the Plank constant, kg is the Boltzmann constant, and B is
a constant close to unity.>* This further confirms the binding
of '3CO to metallic Pt, the small Korriga product (T;T ~ 82
sK) being indicative of strong metal. The '3C resonance of
Pt'>CN is observed at ~170 ppm indicating a weaker
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FIGURE 9. (a) Voltammogram obtained in clean H,S0, after '*CH;OH adsorption at —0.2 V for 36 h. (b) '>C NMR spectrum of '3CO adsorbed
into Pt(ads) obtained from decomposition of '>*CH30H onto powdered Pt black electrode at a potential of —0.2 V (top) and +0.4 V (bottom).

Reprinted with permission from ref 28. Copyright 1993 Elsevier.

overlap between the carbon orbitals and the Pt conduction
band. However, up to 273 K, the Pt'3CN T; values still obey
a Korringa relationship with T;T ~ 135 sK, indicating a
degree of metallicity. '>N spectra of PtC'°N confirmed this
analysis. The strong electrostatic field effects at the elec-
trode/electrolyte interface were also investigated, the '3C
resonances becoming more shielded as the electrode po-
tential is increased (Figure 8¢).

Using a different design, electrocatalytic oxidation of CO
was conducted where layers of carbon-supported Pt elec-
trode were placed within the NMR coil. '3C NMR spectra
were obtained, and the typical '3C line shape of Pt'3CO
observed.?? A linear correlation between the '*C NMR signal
Pt'3CO as a function of CO surface coverage and the number
of surface CO obtained by couloumetry was obtained,
demonstrating that the approach could be used quantita-
tively to investigate the mechanism of CO electrocatalytic
oxidation and the reaction pathways.>* Three different
states of adsorbed CO onto Pt and their oxidation reaction
pathways were proposed where CO is linearly adsorbed
(major species), bridged, or partially reduced (CHO,qs), the
relative populations depending on the electrochemical po-
tential of adsorption but not on the CO coverage.

Adsorbate—metal interactions were also investigated by
ex situ '°°Pt NMR using a frequency sweep approach.3®
Similar to platinum-supported heterogeneous catalysts,*® the
resonances from platinum nuclei on the surfaces are shifted
to low field (at 1.089 G/kHz corresponding to PtO,)3¢3” as
1960 = ACCOUNTS OF CHEMICAL RESEARCH
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compared with bulk platinum (at 1.138 G/kH2)*® in line with
an increase of the Knight shift. The electrochemistry and '9°Pt
NMR spectra of these electrodes were found to be particle size
dependent, and bulk vs surface signals were readily separated.®
Direct detection of the methanol and methanol electro-
oxidation intermediates traveling through a direct methanol
fuel cell (DMFC) was obtained by ex situ NMR spectroscopy.40
A membrane electrode assembly (MEA) fabricated with a
triple layer polymer electrolyte membrane (PEM) containing
a PEM electrolyte layer sandwiched between a PtRu/C
anode and a Pt/C cathode was operated as a DMFC with
an aqueous solution of T3CH;0H as the fuel. The cell was
then disassembled, and the central PEM electrolyte layer
components were identified by '>*C MAS NMR, the cross over
of CH3OH from the anode to the cathode being clearly
observed. Reaction intermediates of methanol oxidation
were also observed. Comparison between a MAE with Pt/C
vs PtRu/C at the anode revealed the presence of a higher
concentration of formic acid in line with lower catalytic
activity of the former for methanol electro-oxidation.*!
Successful integration of the DMFCs discussed above into
a home-built NMR probe*? allowed the oxidation of CD;0H
in DMFCs to be followed by in situ 2?H NMR.*3 The probe used
a TCD'? as the NMR coil, its sensitivity and resolution being
sufficient to allow time-resolved NMR experiments to be
petformed without disassembly of the electrochemical
cell.*® The central conductor of the toroid was also used as
the anode current collector while the MEA was located inside
the outer conductor, and the cathode was connected to the
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FIGURE 10. (a) Schematic representation of an integrated DMFC inside a TCD. (b) (left) Sliced viewed of the DMFC. (right) Photograph of the probe
after assembly. () 2H NMR spectra of CD;OH during FC operation with PtRu/C (top) and Pt/C (bottom) anode catalysts. Cumulative fuel-cell
operation hours are labeled. Underlined numbers denote hours in open-circuit mode. Reprinted with permission from ref 43. Copyright 2012

Wiley-VCH Verlag GmbH & Co. KGaA.

potentiostat (Figure 10b). As described above for the early
studies of batteries, the current collectors were then discon-
nected electrically during the RF pulses to avoid interference
or undesirable noise. Complete electro-oxidation of aqu-
eous CD3OH proceeds through

CD30OH+H,0 — CO, +3D" +3H" +6e ~

where D* quickly reacts with OHs (from methanol, H,O,
or reaction intermediates) to produce adsorbed OD spe-
cies. Figure 10d shows the ?H spectra of the two different
DMFCs with different anode catalysts where both the fuel
(CDs0H) and the adsorbed OD species are observed at
3.3 and 4.8 ppm, respectively, demonstrating that che-
mical reactions in DMFCs could be monitored by in situ
NMR. As methanol oxidation occurs, the ratio of the
3.3 vs 4.8 ppm signals decreased following the consump-
tion of methanol. More importantly, this experimental

NMR setup also allowed for rapid testing of different
anode catalysts, PtRu/C showing better efficiency and
faster methanol oxidation than Pt/C.

4. Conclusions

We have described some recent applications of NMR spec-
troscopy to follow, in real time, the electrochemical pro-
cesses that occur in batteries, supercapacitors, and fuel cells.
These studies, in close concert with relevant ex situ NMR
studies, show considerable promise in helping to under-
stand how such electrochemical cells function and why they
sometimes fail during operation and to, for example, screen
materials (anode, cathode and electrolytes) and identify the
experimental conditions under which the cells will be more
robust. This NMR methodology plays an important role in
the development of new and improved electrochemical
devices needed to store and convert electricity more
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efficiently, an important part of worldwide strategies to
reduce CO, emissions.
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