
Accepted Manuscript

Automatic Tuning Matching Cycler (ATMC) In Situ NMR Spectroscopy as a

Novel Approach for Real-Time Investigations of Li- and Na-Ion Batteries

Oliver Pecher, Paul M. Bayley, Hao Liu, Zigeng Liu, Nicole M. Trease, Clare

P. Grey

PII: S1090-7807(16)00090-2

DOI: http://dx.doi.org/10.1016/j.jmr.2016.02.008

Reference: YJMRE 5829

To appear in: Journal of Magnetic Resonance

Received Date: 22 December 2015

Revised Date: 11 February 2016

Please cite this article as: O. Pecher, P.M. Bayley, H. Liu, Z. Liu, N.M. Trease, C.P. Grey, Automatic Tuning

Matching Cycler (ATMC) In Situ NMR Spectroscopy as a Novel Approach for Real-Time Investigations of Li- and

Na-Ion Batteries, Journal of Magnetic Resonance (2016), doi: http://dx.doi.org/10.1016/j.jmr.2016.02.008

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers

we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and

review of the resulting proof before it is published in its final form. Please note that during the production process

errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

http://dx.doi.org/10.1016/j.jmr.2016.02.008
http://dx.doi.org/http://dx.doi.org/10.1016/j.jmr.2016.02.008


  

Document1 (Pecher et al. “ATMC in situ NMR” 2016) 

1 / 17 

Automatic Tuning Matching Cycler (ATMC) In Situ NMR Spectroscopy as a 
Novel Approach for Real-Time Investigations of Li- and Na-Ion Batteries 

Oliver Pecher1, Paul M. Bayley1, Hao Liu1, Zigeng Liu1, Nicole M. Trease1, and Clare P. Grey1,* 
1 University of Cambridge, Department of Chemistry, Lensfield Road, Cambridge CB2 1EW, UK 

* Corresponding author: Prof. Clare P. Grey, Email: cpg27@cam.ac.uk, Fax: +44 1223336300 

Keywords: In situ NMR, Li-ion battery, Na-ion battery, Paramagnetism 

Abstract 

We have developed and explored the use of a new Automatic Tuning Matching Cycler (ATMC) in situ 
NMR probe system to track the formation of intermediate phases and investigate electrolyte 
decomposition during electrochemical cycling of Li- and Na-ion batteries (LIBs and NIBs). The new 
approach addresses many of the issues arising during in situ NMR, e.g., significantly different shifts 
of the multi-component samples, changing sample conditions (such as the magnetic susceptibility 
and conductivity) during cycling, signal broadening due to paramagnetism as well as interferences 
between the NMR and external cycler circuit that might impair the experiments. We provide 
practical insight into how to conduct ATMC in situ NMR experiments and discuss applications of the 
methodology to LiFePO4 (LFP) and Na3V2(PO4)2F3 cathodes as well as Na metal anodes. Automatic 
frequency sweep 7Li in situ NMR reveals significant changes of the strongly paramagnetic broadened 
LFP line shape in agreement with the structural changes due to delithiation. Additionally, 31P in situ 
NMR shows a full separation of the electrolyte and cathode NMR signals and is a key feature for a 
deeper understanding of the processes occurring during charge/discharge on the local atomic scale 
of NMR. 31P in situ NMR with “on-the-fly” re-calibrated, varying carrier frequencies on Na3V2(PO4)2F3 
as a cathode in a NIB enabled the detection of different P signals within a huge frequency range of 
4000 ppm. The experiments show a significant shift and changes in the number as well as intensities 
of 31P signals during desodiation/sodiation of the cathode. The in situ experiments reveal changes of 
local P environments that in part have not been seen in ex situ NMR investigations. Furthermore, we 
applied ATMC 23Na in situ NMR on symmetrical Na—Na cells during galvanostatic plating. An 
automatic adjustment of the NMR carrier frequency during the in situ experiment ensured on-
resonance conditions for the Na metal and electrolyte peak, respectively. Thus, interleaved 
measurements with different optimal NMR set-ups for the metal and electrolyte, respectively, 
became possible. This allowed the formation of different Na metal species as well as a quantification 
of electrolyte consumption during the electrochemical experiment to be monitored. The new 
approach is likely to benefit a further understanding of Na-ion battery chemistries. 
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1. Introduction 

The expected increase in global energy consumption along with the demand for reduced or zero-
emissions energy sources have raised the awareness of the need for efficiency and sustainability. 
Electricity production from our natural renewable resources requires the development of efficient 
electrical storage systems to balance demand with supply. In addition, more reliable and 
improved/cheaper storage systems are needed to move from the more common internal 
combustion engines and hybrid electrical vehicles to all-electric vehicles [1]. Li-ion batteries 
(LIBs) [2,3] represent promising storage systems, offering several appealing attributes: Li is the 
lightest metallic element and its very low redox potential of E0(Li/Li+) = -3.04 V vs. the standard 
hydrogen electrode (SHE) results in cells with high voltage and energy density. Furthermore, the 
small Li+ radius is beneficial for diffusion in solids. Coupled with its long cycle life and good capacity 
retention, these properties have enabled LIBs to capture the portable electronics market [4,5]. While 
this technology is quite mature, there remain questions regarding Li battery safety, energy density, 
lifetime, low-temperature performance and cost. Furthermore, as the use of large-scale LIBs 
becomes widespread, increasing demand for Li commodity chemicals combined with geographically-
constrained Li reserves will drive up prices [5,6]. With concerns over future rising Li costs (Li2CO3 
≈3800€/ton in 2010 vs. Na mineral ‘trona’ ≈120€/ton), NIBs have re-emerged as candidates for 
medium and large-scale stationary energy storage [4,5,7,8] due to sodium’s high abundance (Na = 
2.3% vs. Li = 0.0017% of Earth’s crust), low cost and encouraging redox potential of 
E0(Na/Na+) = -2.71 V vs. SHE – only 0.3 V above that of Li, and the possibility of using 
electrode/anode/current collector combinations. 

This shift from Li- to Na-ion technologies has to be accompanied with a deeper understanding of the 
chemical reactions involving the multiple cell components. The application of a non-invasive analysis 
tool that can follow the reactions is therefore highly desired. In situ nuclear magnetic resonance 
(NMR) spectroscopy was recently shown to be a valuable tool for these real-time studies of battery 
materials under operating conditions [6,9–16]. Since the first in situ experiments approximately 15 
years ago, two approaches regarding the NMR probe and/or the cell design have been 
established [11,17]: Toroid probeheads [18–20] and the use of commercial static NMR probes in 
which either Bellcore-type bag cells [21–27] or Swagelok-type plastic insets [28] were used. The 
toroid is both part of the electrochemical cell and NMR detector and was designed as a “battery 
imager” probe in its final set-up [18–20]. A drawback of this design is an inherently low signal to 
noise (S/N) and complicated analysis of the spectra due to non-linear radio frequency (RF) 
excitation/detection. Higher sensitivity and flexibility was achieved by placing the electrochemical 
cell inside the coil of a static NMR probe, connecting it to an external potentiostat (electrochemical 
cycler, EC) and acquiring the NMR spectra as a function of charge [11]. Depending on the battery 
components and its sensitivity to moisture and air, various designs exist for the bag cells, e.g. using 
Cu or Al meshes or foil as the current collector, polyester or Al bags as the container and contact 
heat sealers vs. lamination for the cell assembly [21–27]. The use of Swagelok-type cylindrical plastic 
insets instead of flat bag cells improves the pressure on the cell and its electrochemical performance 
but introduces a poor filling factor and respective issues with the signal intensity. Furthermore, the 
orientation of the battery with respect to the magnetic field is also not necessarily optimum. 

In situ NMR shows high chemical specificity, allows the detection of dynamical processes, metastable 
and short-lived phases and is sensitive to both crystalline and amorphous species. Despite in situ 
NMR being such a fundamental technique, it comes with challenges. Significantly different shifts, 
changing sample conditions, signal broadening, and interferences of the NMR and EC circuit can 
impair the experiments: 

 Shift ranges. An electrochemical cell is a multi-component device, normally comprising a 
solid anode and cathode as well as a liquid electrolyte. The different components cover large 
shift ranges that are determined by chemical shift, Knight shift, and anisotropic NMR 
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interactions [29]. The electrolyte and solid-electrolyte-interphase (SEI) 6,7Li signals normally 
appear in the diamagnetic range of -10 to 10 ppm; the range for 23Na is only slightly larger. 
Many times, Li or Na metal strips are used as anodes with Knight shifted resonances at 242 
and 1126 ppm, respectively, for a horizontal alignment of the metal strip to the magnetic 
field [6,17]. Furthermore, these shifts are orientation dependent due to bulk magnetic 
susceptibility (BMS) effects resulting in 272 ppm (Li) and 1131 ppm (Na) for a vertical 
orientation of the metal stripe to the magnetic field [6,17,29]. Finally, the active material of 
the cathode can range over thousands of ppm [6,17,29]. Hence, simultaneous detection can 
be challenging and often requires varying carrier frequencies during the NMR experiment. 

 Changing sample conditions. The properties of the materials building up the cell can change 
during electrochemical cycling, e.g., non-metallic materials can become metallic or semi-
conducting, or a new microstructure may form that influences the magnetic susceptibility of 
the electrodes. The changes can affect the optimal NMR measurement conditions that have 
been set up for the pristine cell. Therefore, signal detectability and line shape measurement 
can be influenced and recalibration of the NMR circuit is needed. 

 NMR signal broadening. In addition to the shift interactions (chemical/Knight shift) the 
signal line shape of the battery materials can be influenced by quadrupole coupling and 
paramagnetic broadening [29]. In particular, the hyperfine interaction with unpaired 
electrons in paramagnetic materials often gives rise to very broad resonances since many 
battery components are paramagnetic. Furthermore, BMS effects affect the signal shift and 
linewidth [12,17,29]. Sample shape, packing of the material (particles) and sample 
orientation with respect to the static magnetic field give rise to BMS effects. 

 NMR—EC circuit interferences. The implementation of an electrochemical cell connected to 
an EC inside of a NMR coil can cause interferences between the alternating current of the 
NMR and direct current of the EC circuits. In worst case scenarios this influences both the 
electrochemical performance and NMR detectability. 

In this matter, we developed and explored the use of a new Automatic Tuning Matching Cycler 
(ATMC) in situ NMR probe system. The ATMC in situ NMR approach addresses some of these 
difficulties allowing an “on-the-fly” adjustment of the NMR circuit during the measurement. 
Moreover, new sample holder and NMR—EC-connection designs benefit the real-time experiments, 
improving the compression on the battery, the filling factor, and shielding. 

Automatic tuning/matching (T/M) is a routinely applied technique in solution-state NMR: motors 
attached to the T/M rods below the probe are automatically, software-controlled adjusted to 
calibrate the resonance circuit after changing samples and/or switching nuclei. A similar approach 
using external motors has been reported by Hwang [30]; further automatic T/M capabilities due to 
variable capacitors controlled by direct current voltage have been developed for T/M multi-
frequency saddle coils in magnetic resonance imaging [31]. 

In this contribution, we first describe the ATMC probe, report on the pitfalls during set-up and data 
acquisition of an in situ NMR experiment and give practical considerations on how the ATMC in situ 
NMR approach is beneficial to overcome some of the challenges associated with this technique 
(Results and Discussion, Section 4.1 and Supporting Information). Furthermore, we discuss the 
application of the ATMC in situ NMR methodology on LiFePO4 and Na3V2(PO4)2F3 cathodes as well as 
Na metal anodes (Results and Discussion, Sections 4.2 to 4.4.) after shortly introducing their 
application and challenges in battery research (Materials System Investigated, Section 2). The 
materials in question were chosen to focus on challenges in the NMR detectability of paramagnetic 
broadened cathodes, the formation of intermediate phases and the investigation of electrolyte 
decomposition during cycling of LIBs and NIBs. Experimental NMR strategies especially addressing 
the automatic recalibration capabilities of the ATMC system in frequency sweep and wideline NMR 
experiments are described. 
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2. Materials Systems Investigated 

2.1. LiFePO4 as a Cathode in a LIB 

LFP nanoparticle electrodes have recently been shown to form nonequilibrium solid solution phases 
LixFePO4 (0 ≤ x ≤ 1) during high rate cycling as a LIB [32,33]. These studies used in situ X-ray 
diffraction (XRD) to prove that metastable/intermediate LixFePO4 phases are formed bypassing the 
thermodynamically stable nucleation and growth mechanism for (de)lithiation. The 
metastable/intermediate phases are likely to be the key for the high rate capabilities of LFP [32]. The 
formation of the metastable/intermediate phases in LFP can be monitored using two NMR active 
nuclei – 7Li and 31P – that will give information sensitive to the changes in the local structure on the 
processes of charging (delithiation) and discharge (lithiation) of LFP cathodes in a LIB. Hence, the 
application of in situ NMR to LFP is a promising method to gain insight into the changes of the Li and 
P environments of the material during electrochemical cycling that potentially will complement 
synchrotron-based experiments. 

2.2. Na3V2(PO4)2F3 as a Cathode in a NIB 

Na3V2(PO4)2F3 is a potential cathode material for a NIB, with rapid Na motion being at least partially 
responsible for its high rate performance [34]. The long-range crystal structure and symmetry is 
highly dependent on Na-ion stoichiometry (content), dynamics and disorder and some of the details 
are still under debate (Supporting Information, Section SI-1.). Na3-xV2(PO4)2F3 with x = 0 was first 
published in the space group P42/mnm, comprising F—V(O4)FV(O4)—F dimers and PO4 tetrahedra 
with two crystallographic Na as well as P sites in the framework [35]. This structure was confirmed 
by recent X-ray and neutron diffraction experiments as well as calculation and NMR studies 
(Supporting Information, Section SI-1.) [34,36,37]. Structural refinements for Na3-xV2(PO4)2F3 with x = 
1 and 2 were performed in the space groups I4/mmm and Cmc21, respectively, both possessing only 
one P site (Supporting Information, Section SI-1.) [38]. 

Recent ex situ 31P magic angle spinning (MAS) NMR investigations show a high sensitivity to local 
atomic ordering of the Na and P atoms and enabled a study of the mechanisms associated with the 
structural changes in in Na3-xV2(PO4)2F3 during electrochemical cycling [34]. Two P sites (P1 and P2 at 
6096 and 4600 ppm, respectively), minor defects within the framework (P(def) at 3100, 2000, and 
1200 pm), as well as highly oxidised impurities (P(ox) at 0 ppm) are revealed for x = 0 (Figure S4, 
Section SI-1.4.). Upon charge (desodiation), the P1 and P2 signal intensities decrease very quickly 
and vanish for x = 1 (Figure S4). Moreover, two new P environments (P1’ and P2’ at 3749 and 2605 
ppm, respectively) were found for Na3-xV2(PO4)2F3 with 1.4 ≤ x ≤ 2.0 (Figure S4), in apparent 
contradiction with the space groups I4/mmm and Cmc21 (Supporting Information, Section SI-1). 

The use of 31P in situ NMR is a promising method to further understand and investigate the 
relationship between the local atomic P environments and the dynamics of both electrons and Na-
ions. The challenge is the detection of the respective 31P NMR signals that are, based on ex situ 
studies, likely to range from 0 to 6100 ppm [34]. The resulting 31P NMR frequency span requires 
different NMR carrier frequencies, which is challenging for in situ studies. 

2.3. Na Metal Anodes 

The formation of high surface area microstructures with dendritic or mossy shapes during 
electrochemical cycling is known to cause short circuits, battery failure, and fire in many cases. In 
situ NMR is a valuable tool to monitor and quantify the formation of the metallic species 
formed [6,9]. Hereby, symmetrical Li—Li or Na—Na cells are used and continuous galvanostatic 
(constant current) plating is applied (Experimental Section). Hence, only a NMR signal of the 
electrolyte and its decomposition products (forming the SEI layer) in the diamagnetic shift region 
and a signal of the Li or Na metal strip at 242 and 1126 ppm (horizontal orientation [6,17]) are 
present, respectively. So far, in situ NMR studies have generally focused on the metal signal since the 
microstructure formation gives rise to changes in shift and signal lineshape [9,12,17]. Although the 
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electrolyte and SEI layer are thought to be key in dendrite formation [6,9,15,39], the electrolyte peak 
has not been studied extensively to date with in situ experiments. The spin-lattice-relaxation times 
of the diamagnetic species in the electrolyte are different from that of the Li metal and previous 
NMR experiments have been optimised for the latter. Hence, a simultaneous detection of both 
signals during an in situ NMR experiment is a promising approach to gain further insights into the 
underlying chemistries. 

3. Experimental Section 

3.1. Sample Preparation 

All electrochemical cells were assembled under argon atmosphere in a glove box (O2, H2O < 0.1 ppm) 
using flexible polyester plastic bags (VWR International) that were hermetically sealed with an 
impulse sealer in the final step [6,17]. All electrochemical reactions were conducted with the EC-
Lab® software version 10.40 on either a Bio-Logic VSP or SP-150 portable cycler. 

3.1.1. LiFePO4 
LiFePO4/C composites were synthesised as recently described [32] following a solid-state reaction 
developed by Kobayashi et al. [40]. 0.556 g lithium carbonate (Li2CO3, Sigma-Aldrich, 99.997 %), 
2.681 g iron(II) oxalate dihydrate (Fe(II)C2O4·H2O, Sigma-Aldrich, 99%), 1.714 g ammonium 
dihydrogen phosphate (NH4H2PO4, Sigma-Aldrich, 99.999%), and 0.261 g Ketjen black (EC-600JD 
AkzoNobel) were high energy ball-milled for 40 min to produce homogeneously mixed precursors. 
The precursors were then pressed into a pellet and sintered at 600°C for 6 hours under flowing 
argon gas. Self-supporting LiFePO4/C cathode films were produced by mixing the respective 
LiFePO4/C composite powder (120 mg) with polytetrafluoroethylene (PTFE) binder (Sigma-Aldrich), 
Super P carbon (Alfa Aesar), and Ketjen black carbon (EC-600JD AkzoNobel) in a mass ratio of 
6:1:1.5:1.5 in a mortar. The mixture was rolled to a film of 1 mm thickness and cut to a 6 × 9 mm2 
rectangle with a total mass of 35 mg. The cathode film was assembled with Li foil (99.9%, traces 
metals basis, Sigma-Aldrich) as the anode, glass fibre (Whatman) as the separator, and 1 M lithium 
hexafluorophosphate solution in ethylene carbonate and dimethyl carbonate (LiPF6 in 
EC/DMC=50/50 (v/v), battery grade, 1M LiPF6 EC/DMC, Sigma Aldrich) as the liquid electrolyte. The 
cathode was connected with Al mesh (Dexmet Corporation, Wallingford, CT, 1.5Al 6-077F×12”), the 
anode with Cu mesh (Dexmet Corporation, Wallingford, CT, 1.5Cu 6-077F×12”). The cell was 
charged/discharged at a constant current of 0.360 mA, which corresponds to C/10 rate [32]. 

3.1.2. Na3V2(PO4)2F3 
A mixture 1:2:2 (molar ratio) of vanadium(V)oxide (V2O5, Sigma-Aldrich, 99.99%), phosphoric acid 
(H3PO4, Sigma-Aldrich, 85%) and citric acid (Sigma-Aldrich, ≥99.5%) was dissolved in deionised water, 
continuously stirred at 80oC for 12 hours and then dried at 120oC for 4 hours to form a uniform 
gel [34]. The gel was ball-milled for 6 hours, pressed into pellets, and heated at 350oC for 6 hours 
and at 700oC for another 6 hours in an argon atmosphere to obtain VPO4. Afterwards, NaF (Sigma-
Aldrich) and VPO4 were mixed in a stoichiometric ratio of 3:2, pressed into pellets, fired at 700oC 
under argon flow for 6 hours, and finally cooled down to ambient temperature. The carbon content 
in the resulting Na3V2(PO4)2F3/C composite was determined to be 6 wt.-% by elemental analysis [41]. 
The positive electrode consisted of 75 wt.-% Na3V2(PO4)2F3/C composite, 15 wt.-% Super P carbon 
(Alfa Aesar), and 10 wt.-% PTFE binder (Sigma-Aldrich). Sodium metal (Sigma-Aldrich, 99.9%, cuts 
from cubes) supported on a current collector was used as the negative electrode. The two 
electrodes were separated by a piece of glass fibre (Whatman) sheet immersed in 1 M NaClO4 
(Sigma-Aldrich, ≥98.0%) in propylene carbonate (PC) solution (Sigma-Aldrich, anhydrous, 99.7%). Al 
mesh (Dexmet) was used as a current collector on the Na3V2(PO4)2F3 side and Cu mesh (Dexmet) on 
the Na metal side. The cell was charged/discharged by applying a current of 3.2 mA·g-1 resulting in a 
C/40 rate; the applied voltage window was 2.5 to 4.5 V. 
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3.1.3. Na Metal Anodes 
1 M Na-bis(trifluoromethylsulfonyl)imide (NaTFSI) in PC electrolyte was prepared as recently 
described [6]. Symmetrical Na metal bag cells were assembled with Cu mesh (Dexmet) current 
collectors and freshly prepared Na metal strips (Sigma-Aldrich, 99.9%, cut from cubes) with 

dimensions of 10 × 5 × 0.5 mm3. Continuous galvanostatic (constant current) plating with +500 A 
was applied to the Na—Na cell during the in situ NMR experiment. 

3.2. Solid-State NMR Spectroscopy 

All NMR experiments were performed at ambient temperature with the ATMC in situ NMR probe 
system attached to Bruker Avance I or Avance III HD consoles at magnetic field strengths of 7.05 T. 
The respective resonance frequencies for 7Li, 23Na, and 31P are 116.59, 79.36, and 121.44 MHz, 
respectively. The experiments were performed using solenoid coils of 8 mm diameter and 6 – 8 turns 
made of Ag-coated Cu wire. The chemical shifts are referenced to 9.7 mol·kg-1 LiCl and 0.1 mol·L-1 
NaCl solutions in D2O and 85% H3PO4, respectively [42–44]. Bruker Topspin 2.1 and 3.2 as well as 
Matlab was used for raw data processing and analysis. Single- or echo-pulse sequences have been 
used for the NMR data collection (Figure S5). The sequences have been enhanced by a preamble to 
enable the synchronisation of the auto T/M algorithm – in which a low power (0.01 W) continuous 
wave (CW) pulse was applied – prior the actual NMR experiment (Figure S6). The temperature was 
adjusted to 20°C by a 900 Lph nitrogen gas flow and very little heating using the internal Bruker VTU. 
The gas flow is furthermore beneficial to prevent the electrochemical cell from local overheating 
during the in situ NMR experiment. In addition, a constant nitrogen gas stream of 100 mbar was 
applied on the capacitors to prevent local overheating during high rate pulsing. Bag cells were set up 
in the ATMC in situ NMR probe system and cycled as described in the text. 

3.2.1. 7Li and 31P NMR on LiFePO4 
7Li and 31P wideline NMR experiments were performed with an echo pulse sequence applying high 

power (200 W) 1.5—3.0 s (7Li) and 1.0—2.0 s (31P) pulses at a recycle delay of 0.05 s. An echo 

pulse sequence with low power (0.1 W), selective 50—100 s pulses was applied during the 
frequency sweep experiments (Figure S7). Frequency ranges of 1.0 and 0.5 MHz for 7Li and 31P were 
measured in 10 kHz steps, respectively. 

3.2.2. 31P NMR on Na3V2(PO4)2F3 
31P wideline in situ NMR experiments were performed with an auto T/M in situ echo pulse sequence 
at carrier frequencies of 121.5, 122.0, and 122.2 MHz (with respective offsets of 100, 4000, and 5900 

ppm) applying high power (220 W) 1.0 s pulses at a recycle delay of 0.05 s. A low power (0.01 W) 
CW pulse was applied during the automatic T/M sequences. An ex situ 31P MAS NMR experiment 
(4.70 T, 60 kHz MAS frequency, Bruker DR MAS 1.3 mm probehead with 1.3 mm ZrO2 rotor) was 
exclusively performed on pristine Na3V2(PO4)2F3 powder using a onepulse sequence with hard pulses 
of 1.0 us pulse length and a recycle delay of 0.05 s (Supporting Information, Figure S4b). 

3.2.3. 23Na NMR on Na—Na Cells 
23Na wideline NMR experiments at carrier frequencies of 79.5 and 79.4 MHz for the Na metal and 
electrolyte signal, respectively, were performed using a onepulse sequence with high power pulses 

of 7.7 s (metal peak) and 6.0 s (electrolyte peak) length and a recycle delay of 1.0 s. 

4. Results and Discussion 

4.1. The ATMC In Situ NMR System 

The design and development of the ATMC in situ NMR system was done in close collaboration with 
NMR Service GmbH (Erfurt, Germany). A basic model (probehead, T/M controller box, and software) 
is now commercially available [45]; however, other experimental considerations (e.g. filters, 
materials, cell type, etc.), which are described in this paper for the systems studied here, may be 
important to obtain high quality data. 
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Our ATMC in situ NMR system comprises a one channel static widebore solid-state NMR probehead 
with interchangeable coils enabling a tuning range of 74 MHz to 125 MHz at 7.05 T (Figure 1A). The 
system is usable in a temperature range of -150°C to 200°C and is compatible with Bruker Avance I 

to III HD as well as Tecmag consoles. The low Q design is suitable for non-selective (hard) /2 pulses 

≤ 2 s at up to 500 W radiofrequency (RF) power. The main features to differentiate our system from 
other static NMR probeheads are its capability for an “on-the-fly” recalibration of the resonance 
circuit as well as a straightforward and highly-shielded connection of electrochemical cells inside the 
RF coil (Figure 1). 

 

 

Figure 1. (A) The Automatic Tuning Matching Cycler (ATMC) in situ NMR probe system, comprising the probehead bottom 
connections to the variable temperature unit (A1), to the eATM controller (A2), as well as the RF and EC connectors (A3). 
Furthermore, the Polyflon T/M capacitors (A4) and one of the piezoelectric engines for automatic T/M are depicted (A5). 
(B) Scheme of the interplay and synchronisation of the ATMC NMR probe system with the EC. (C) Schematic drawing of a 
plastic bag cell design and its set-up for an in situ NMR experiment. 

 

4.1.1. Automatic Tuning/Matching Capability 
The RF circuit comes with two resistance-free adjustable Polyflon capacitors for T/M as well as an 
additional 5 pF static matching capacitor that can be attached to the RF circuit if needed (Figure 1A, 
Figure S8). The adjustable capacitors are attached to piezoelectric engines inside the probe. The 
encoders for these engines are connected to an external automatic T/M (eATM) unit (Figure 1B). 
Before the NMR experiment, a low power CW pulse is given on the RF circuit at the desired carrier 
frequency and bypassed from the preamplifier into the eATM via a bi-directional coupler. The 
software-controlled eATM determines the standing wave ratio (SWR) and return loss  (RL) using the 
incoming forwarded and reflected power of the CW pulse at the current setting of the RF circuit with 
respect to the carrier frequency. Automatic T/M (“on-the-fly” recalibration of the RF circuit) is then 
enabled through eATM synchronised changes of the capacitors via the piezoelectric engines and a 
respective RL/SWR recalculation. This loop is repeated until a RL minimum is reached, which 
corresponds to a perfect match of the RF circuit’s impendence and the desired carrier frequency. 
The synchronisation of the eATM and the NMR console is controlled via TTL inputs (Figure 1B), and 
defined in the preamble of the applied pulse sequence (Figure S5, Figure S6) [46]. 
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The automatic T/M capability of the ATMC in situ NMR system is beneficial for both frequency 
sweep NMR experiments using a stepwise selective excitation of large spectral widths as well as an 
automatic recalibration of the RF circuit during an in situ NMR experiment with constant or varying 
carrier frequencies. A perfectly calibrated NMR circuit is a key for the detection of broadened NMR 
signals such as those from paramagnetic samples or quadrupolar nuclei since poor T/M results in a 
loss of RF power that can cause limited signal excitation, line shape distortions and poor signal 
intensity. 

4.1.2. Electrochemistry Connection (Cell Set-Up and Shielding) 
An electrochemical cell inside the RF coil can influence the otherwise perfect shielding of the RF 
circuit. This can result in noise being picked up as well as significant interferences of the EC—NMR 
circuits (Figure S9). Hence, as important as the good T/M mentioned above, effective shielding of 
both circuits is crucial to achieve NMR detectability and good S/N ratios. Therefore, the ATMC in situ 
NMR system comes with a new design to connect to electrochemical cell inside the NMR coil as well 
as highly shielded wire connections in- and outside the NMR probehead to connect the EC and the 
NMR circuit (Figure 1C). The electrochemical cell is placed inside the coil with the current collector 
(meshes or foil) extending outside the coil. A Teflon ring surrounding the coil presses the current 
collectors of the cell to the leads at the top of the probehead. The overall set-up and connection of a 
cell is therefore both highly reproducible and time efficient. 

The presence of the electrochemical cell connected to the EC acts as an antenna introducing noise 
that is detected by the NMR circuit. The insertion of RF low pass filters at the electrochemistry 
connection ports of the probehead bottom reduces this noise, as detected in the wobble curves 
(Figure 1A, Figure S9). A low pass filter allows the direct currents from the EC to pass, while 
removing unwanted alternating current noise, thus filters with a low frequency cut-off are 
preferable. Details and practical considerations on setting up an ATMC in situ NMR experiment are 
given in the Supporting Information (Section SI-2). 

4.2. 7Li and 31P NMR on LiFePO4 as a Cathode in a LIB 

7Li NMR measurements on both the pristine LFP powder and an electrochemical cell at two different 
stages of charge reveal the major challenges: the slightly asymmetric NMR signal of the cathode is 
700 kHz broad and – in the cell – overlaps completely with the metal and electrolyte signals 
(Figure 2a). A decrease of the LFP signal intensity is detected for the half charged cell and in 
agreement with the delithiation of the crystal structure (Figure 2a). 

In this case, the automatic T/M capability of the ATMC probe approach enables a straightforward 
detection of the huge spectral width by automated frequency sweep (also known as frequency step 
[47]) experiments over 1 MHz in 10 kHz steps applying selective pulses (Figure S7, Experimental 
Section). This technique is well known for significantly broadened line shapes of quadrupolar 
nuclei [46,48–51] and other kinds of so-called ultra-wideline NMR spectra covering frequency ranges 
of approx. 250 kHz to tens of MHz [47,52]. A second and complementary approach involves the use 
of larger step widths and shorter pulses (giving rise to broader excitation widths). These spin—echo 
mapping [53–58], referred to by some authors as variable offset cumulative spectrum (VOCS) [59–
62], experiments could also be used to detect these signals, and could be conducted with the ATMC 
system. 

A very good S/N for the selectively excited spectra at each sweep carrier frequency is achieved 
within two minutes and the respective T/M times for automatic recalibration during the applied 10 
kHz steps is three minutes. Hence, each sweep experiment for a 1 MHz frequency range takes 
approx. eight hours. A reduction of the spectral width to the at least required 700 kHz still results in 
an overall time of six hours for 10 kHz steps and approx. three hours for 20 kHz steps, which still 
would be suitable. Nevertheless, the overall experimental times for the sweep experiments are 
timewise not suitable for in situ NMR experiments, particularly under conditions of fast cycling. 
Therefore, the pristine cell signal was measured with wideline NMR excitation to assess the 
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detectability of especially the broad LFP signal line shape. A good S/N is already achieved within 10 
minutes measurement time. A comparison of sweep vs. wideline NMR reveals a satisfying detection 
of the desired LFP signal feature throughout the wideline experiment (Figure 2b, Experimental 
Section, Figure S7). Hence, the application of wideline excitation during in situ NMR is certainly 
suited for LFP. 

The ATMC in situ 7Li NMR measurement shows a continuous decrease of the broad LFP cathode 
signal during discharge and its recovery during charge (Figure 2c). Still, the overlap of the Li metal 
and electrolyte with the LFP signal complicates the monitoring of changes in the LFP signal line shape 
during charge and discharge. 

 

 

Figure 2. (a) 7Li frequency sweep NMR spectra of pristine LiFePO4 powder (black) as well as a pristine (black) and half 
charged (grey, Li0.5FePO4) LFP bag cell. The zoom shows the bag cell spectra normalised against the maximum intensity of 
the Li metal peak. (b) 7Li NMR spectrum of the pristine LFP bag cell using wideline (red) and frequency sweep (blue) NMR. 
The bottom shows the spectra normalised against the maximum intensity of the Li metal peak. The top shows the 
intensities of the wideline and frequency sweep spectra scaled up times 20 and 3.5, respectively, to highlight the line shape 
of the broad LFP signal feature. (c) In situ 7Li wideline NMR spectra during C/10 charge, rest, and C/10 discharge of a LFP 
bag cell (left). The -250 to 500 ppm zoom exclusively shows the electrolyte and Li metal signals (right). Signal contributions 
originating from the respective cell components (electrolyte, metal, and active material) are labelled in the figures. 

 

31P NMR experiments solve the problem of overlapping signals observed with 7Li, since the cathode 
and electrolyte signal are well separated (Figure 3a). Furthermore, wideline vs. frequency sweep 31P 
NMR experiments provide satisfactory detection of the line shape during broadband excitation. 31P 
in situ NMR on a LFP bag cell used an automatic re-calibration of the carrier frequency during the 
electrochemical cycling and shows the potential of this second source of NMR information: the 
intensity of the two well separated 31P NMR signals corresponding to LFP and FP, respectively, 
continuously vary as the battery undergoes charge and discharge (Figure 3b). 
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Figure 3. (a) 31P wideline (red) vs. frequency sweep (blue) NMR spectra of a pristine LFP/Li bag cell. The LiPF6 electrolyte 
signal occurs at 0 ppm. (b) In situ 

31
P spectra during C/10 charge and discharge (right figure) indicating the signal ranges of 

LiFePO4 and FePO4. 

 

4.3. 31P In Situ NMR on Na3V2(PO4)2F3 as a Cathode in a NIB 

Applying the ATMC in situ NMR approach we derived an experimental set-up that automatically re-
calibrated the carrier frequency to offsets of 4000 and 5900 ppm and acquired the respective data 
during a slow charge/discharge of the cell (Figure 4). The 31P in situ NMR data in Figure 4 shows the 
2000 to 8000 ppm range focusing on the major P signals and not the ones due to defects P(def) or 
oxidised impurities P(ox) (Materials Systems Investigated, Section 2.2.). Nevertheless, we carefully 
checked the pristine Na3V2(PO4)2F3 material by ex situ 31P MAS and show in situ 31P data acquired 
between -1000 to 8000 ppm in the Supporting Information (Figure S4b, Figure S10). The low 
intensity P(def) signal is no longer detectable in static 31P in situ NMR, presumably due to the large 
line broadening due to large P—electron dipolar interactions and their low concentrations 
(Figure S4, Figure S10). Furthermore, the P(ox) signal is very weak in intensity and only detectable 
when the carrier frequency is set to 100 ppm (Figure S10). No significant changes of the P(ox) 
intensity occur during charging the cell; the P(ox) signal remains barely detectable and is generally of 
minor interest regarding changes of the local atomic environments in the Na3-xV2(PO4)2F3 cathode 
during desodiation (Figure S10). 

31P in situ NMR measurements on Na3-xV2(PO4)2F3 with x = 0 reveal the two P1 and P2 environments 
expected for the crystal structure (Figure 4, Materials Systems Investigated, Supporting Information, 
Section SI-1). The shifts of 6900 and 5400 ppm for P1 and P2 are slightly larger than reported for 
MAS experiments (Figure S4a) [34]. This is due to the elevated temperature of the sample inside the 
MAS rotor under fast spinning, which decreases the effect of the paramagnetic V3+ centre on the P 
atoms. Upon charge (desodiation) of Na3-xV2(PO4)2F3 (x = 0) the P1 and P2 signal intensities vanish 
due to changes in the V oxidation states and the Na-ion movement, which both influence the local P 
environments (Figure 4), in agreement with ex situ MAS studies (Figure S4a) [34]. 

Interestingly, the 31P in situ NMR experiments reveal a signal at 4500 ppm, denoted as P-ii, for 
Na3-xV2(PO4)2F3 with x = 1, while our previous ex situ NMR study did not show a signal for this 
composition (Figure 4, Figure S4a). We assign the P-ii signal as the average of the P1 and P2 
environments since the P-ii intensity is almost equal to the sum of P1+P2. The P-ii shift is smaller 
than the ones for P1 and P2 at x = 0 but noticeably larger than the ones for P1’ and P2’ at x = 2 (P1’ 
at 3749 and P2’ at 2605 ppm, Figure S4a). Hence, the P-ii shift is in agreement with a V3+ to V3.5+ 
change of oxidation state for the cathode since typical 31P shifts for P in the proximity of V3+,V4+,and 
diamagnetic V5+ are reported to be >4000, 1500−4000, and close to 0 ppm, respectively [58]. The P-ii 
signal indicates only one P environment being present at x = 1, which supports the crystal structure 
description in space group I4/mmm with one P site (Supporting Information, Section SI-1) [38]. The 
lack of any 31P signal for Na3-xV2(PO4)2F3 with x = 1 in ex situ MAS experiments (Figure S4a) is 
presumably due to an increased sample temperature, leading to faster mobility of the Na-ions and 
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electrons in the structure. Presumably, a significant peak broadening, different spin-spin relaxation 
times and a loss of the signal detectability results. A further desodiation of Na3-xV2(PO4)2F3 to x = 2 
causes the P-ii signal to disappear while a new signal at 3000 ppm occurs, denoted as P-iii (Figure 4). 
Its shift indicates a further increase of the V oxidation state from V3.5+ to V4+ and is furthermore the 
average of the P1’ and P2’ signal shifts seen by ex situ NMR for this composition (Figure S4a). This 
(dis)appearance of the different 31P in situ signals is reversible upon discharge and reveals the 
potential of the in situ NMR study to gain insights into structural changes beyond the scale of ex situ 
techniques. The observation of only one P site at Na3-xV2(PO4)2F3 with x = 1 and 2 is in agreement 
with our structural refinements and choice of space group (Figures S2 and S3) as well as earlier in 
situ diffraction measurements (Supporting Information, Section SI-1) [38]. We suggest that the 
observation of two different P environments in the ex situ NMR measurements is related to the Na 
ordering that may occur for samples that have been allowed to relax before data collection.  
Samples measured in situ, either by NMR or by diffraction, are likely to contain more disordered Na-
environments; this may also be associated with increased Na-mobility. Differences in the 
concentrations of defects in the different samples may also play a role in controlling Na disorder. 

 

 

Figure 4. Charge/discharge curve (left), 
31

P in situ NMR spectra of a Na3V2(PO4)2F3/Na cell (middle), and slices of the 2D 
NMR contour plot at the horizontally marked (red dashed lines) states of charge at the right. Different NMR carrier 
frequencies with 4000 and 5900 ppm offset were applied and automatically adjusted during the in situ NMR experiment. 
Different phosphorous signals are labelled as P1, P2, P-ii, and P-iii indicating varying chemical environments due to the 
crystal structure of the pristine (P1, P2) and desodiated (P-ii, P-iii) material, respectively [34]. 

 

4.4. 23Na In Situ NMR on Na Metal Anodes 

A simultaneous measurement of both the Na metal and electrolyte signal comes with a compromise 
regarding signal excitation due to large spectral offsets and spectral distortions due to susceptibility 
and skin-depth effects. For Na cells, the frequency span between the 23Na NMR signals for the 
electrolyte (-8 ppm) and metal (1126 ppm) is 90 kHz (Figure 5a). This offset is much larger than for Li 
cells. Thus, on-resonance conditions cannot be fulfilled for both signals as long as a fixed carrier 
frequency is used during the experiment. This can cause distortions of the line shape, which can 
result in inaccurate quantification of the signal intensities. Furthermore, the Na metal and 
electrolyte show different spin-lattice-relaxation times of 9.3 ms (metal) and 1.6 ms (electrolyte) as 

well as nutation behaviours with optimal /2 pulse lengths of 7.7 s (metal) and 6.0 s (electrolyte). 
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The longer pulse length for the metal is due to skin depth effects [6]. Additionally, the formation of 
metallic microstructures influences the susceptibility of the cell, which can affect the optimal 
experimental conditions for the in situ NMR measurement as set up on the pristine cell. 

Hence, the respective NMR parameters need to be first optimised on the pristine cell in separate 
experiments with the carrier frequency set to the corresponding signal maximum of the electrolyte 
and metal peak, respectively (Figure 5a, Experimental Section). These two measurements are then 
repeated for the duration of the electrochemical experiment with an automatic re-calibration of the 
carrier frequency back- and forward to the respective frequency. Thus the on-resonance conditions 
allow a quantification of both the metal and electrolyte signal during the in situ NMR experiment. 

 

 

Figure 5. (a) 23Na NMR spectra of a pristine symmetrical Na—Na cell made of Na metal and NaTFSI electrolyte considering 
NMR carrier frequencies of 1130 ppm (metal) and 0 ppm (electrolyte), respectively. (b) 23Na in situ NMR spectra of the Na 

metal (left) and Na electrolyte (right) peaks during galvanostatic cycling with +500 A for 12 hours. (c) Peak integral vs. 
time of the deconvoluted Na metal signal regarding the metal sheet (blue) and microstructure (green) signal contributions. 

 

During galvanostatic plating the intensity of the 23Na metal peak at 1126 ppm decreases and the 
signal is slightly shifted to higher frequencies and broadened (Figure 5b). Furthermore, a second 
signal at 1133 ppm appears, constantly increasing and dominating the overall lineshape of the Na 
metal signals after approximately 1.5 hours of galvanostatic plating. The second signal is due to Na 
microstructures that are formed on the bulk surface, growing perpendicular to the metal strip and 
therefore parallel with the magnetic field (Figure 5c). Hence, this signal is shifted to 1133 ppm due to 
anisotropic BMS effects [6,9,17] (Figure 5c). 

The experimental resolution during ATMC 23Na in situ NMR is significantly improved and also enables 
a detection of the electrolyte signal during the electrochemical experiment (Figure 5b). The analysis 
of the 23Na electrolyte NMR signal shows an approximate 5% decrease of its intensity during the 
experiment. Such a reduction in the amount of electrolyte Na+ signal, hence concentration of ions in 
solution, is likely to be related to the formation of insoluble Na species that result from electrolyte 
decomposition during SEI formation. This in situ quantification of Na-ion consumption is to our 
knowledge the first time reported and only made possible via ATMC in situ NMR. 
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5. Conclusions 

We have developed and applied a new ATMC in situ NMR probe system that addresses many of the 
technical challenges for real-time investigations of LIBs and NIBs throughout “on-the-fly” 
recalibration of resonance circuit and a new connection set-up for electrochemical cells in the NMR 
probe. We reported on the pitfalls during set-up and in situ NMR data acquisition and discussed 
practical considerations for setting up such kind of experiments and for the use of ATMC in situ 
NMR. 

The first applications on the cathode material LFP show the benefit of automated frequency sweep 
NMR experiments to detect strongly paramagnetic broadened 7Li and 31P NMR signals. Automated 
recalibration of the carrier frequency enables the detection of broad 31P NMR signals in 
Na3V2(PO4)2F3 cathode material as well interleaved, on-resonant NMR measurements of Na 
electrolyte and Na metal signals in symmetrical Na—Na cells. In the Na3V2(PO4)2F3 system, averaged 
P environments are detected, the results highlighting the difference in samples studied ex and in 
situ. 

Ongoing research attempts focus on the implementation of pulse sequences containing adiabatic 
pulses similar to those used in wideline quadrupolar NMR [47] and broadband paramagnetic 
NMR [63]. The current challenge of to build a cell that is capable of high-rate cycling of cathodes 
with no capacity fade will be overcome by the implementation of a new electrochemical cell design 
in combination with computer synchronised electrochemistry and NMR experiments. Alternative coil 
materials like pure silver or Manganin could be of benefit regarding low or high Q values of the 
resonance circuit. Furthermore, the implementation of a goniometer attached to the ATMC in situ 
NMR probe system is envisioned and will be likely to use automated sample orientation changes for 
time-efficient investigations of the BMS effects on the NMR signal shift and line shape [12,17]. By 
applying all these approaches, the ATMC methodology should allow in situ NMR spectroscopy to be 
applied to an ever increasing range of battery materials and systems. 
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Highlights 

 

 New Automatic Tuning Matching Cycler (ATMC) in situ NMR system 

 Allows “on-the-fly” recalibration of the NMR circuit during in situ NMR on battery materials 

 Strongly paramagnetic NMR signal line shapes of cathode materials become accessible 

 On resonance conditions during the electrochemical experiment enable quantification of the 
species formed 

 In situ NMR studies reveal information that has not been accessible throughout ex situ 
studies 

 


