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 Low-grade waste heat is an abundant and underutilised energy source, and the promise of 12 

thermo-electrochemical cells to harvest this resource and power applications such as wearable 13 

devices and sensors is increasingly being realised. However, despite substantial advances in 14 

performance in recent years, understanding the interior processes occurring within these devices 15 

remains a challenge. Here we report an operando magnetic resonance imaging (MRI) approach that 16 

can provide quantitative spatial maps of electrolyte temperature and redox ion concentrations in 17 

functioning thermo-electrochemical cells. Time-resolved images are obtained from liquid and gel 18 

electrolytes, allowing the effects of redox reactions and competing mass transfer effects such as 19 

thermophoresis and diffusion to be visualised and correlated with the device performance via 20 

simultaneous electrochemical measurements. This method offers valuable insights into these 21 

devices and will greatly aid their future design and optimisation. 22 

 23 

Introduction 24 

As the demand for technology-based solutions to climate change and improved renewable 25 

energy sources continues to accelerate, the utilisation of low-grade waste heat becomes increasingly 26 

attractive. Such heat is generated by industrial processes, automobiles, natural sources (e.g., solar or 27 

geothermal) and even the human body, and represents a vast and largely untapped energy resource 28 

[1]. Thermo-electrochemical cells (also referred to as thermogalvanic cells, and hereafter as 29 

thermocells) are devices capable of generating electricity from waste heat [2,3]. In their simplest form 30 

they consist of two parallel plate electrodes and an electrolyte containing a redox couple with a 31 

temperature dependent redox potential. Under an applied thermal gradient, either oxidation or 32 
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reduction will dominate at the hot electrode depending on the sign of the reaction entropy [4], with 33 

the opposite process occurring at the cold electrode. This generates an electric potential across the 34 

cell (the Seebeck effect), and when an external load resistance is connected to the electrodes the 35 

drawn current will drive further redox reactions, resulting in the continuous generation of power with 36 

no fuel consumption or emissions for as long as the temperature gradient is maintained. Thermocells 37 

have many advantageous features such as no moving parts or potentially deleterious effects such as 38 

plating, stripping, interphase formation or intercalation processes, which will be beneficial for 39 

longevity, and they utilise much lower cost materials than traditional semi-conductor based 40 

thermoelectrics, making them promising for large scale, low cost applications. Recently, significant 41 

progress has been made in developing wearable thermocells to harvest body heat [5-7], as well as in 42 

developing new thermocell designs that incorporate separators or membranes [8], material phase 43 

transitions [9,10], crystallisation processes [11], and improved electrode [12] and electrolyte [13-15] 44 

materials to boost their Seebeck coefficient and efficiency. 45 

Despite the simplicity of their design, there are a large number of distinct physical processes 46 

that can occur within the thermocell electrolyte. These include the redox reactions and accompanying 47 

changes in ion clustering and solvation, the establishment of local concentration gradients and 48 

resulting diffusion along these gradients, self-diffusion (due to Brownian motion), thermophoresis 49 

(the migration of species along a temperature gradient, usually from hot to cold, also known as the 50 

Soret effect), electrophoresis (the migration of charged species along a potential) and convection. All 51 

of these processes will be highly inter-dependent, for example convection can be caused by the 52 

applied temperature gradient but also by variations in the electrolyte density resulting from the redox 53 

reactions and concentration gradients. Moreover, these processes will also depend on various 54 

external parameters such as the shape, size and orientation of the electrolyte chamber, and due to 55 

the effects of the chamber walls they will potentially show distinct spatial variations in all three 56 

dimensions. This multitude of interacting factors is complex enough during the steady-state operation 57 

of the device, but they will also vary as a function of the applied thermal gradient and load resistance, 58 

both of which may be time dependent in real-world applications. Understanding and quantifying these 59 

phenomena, their relation to the cell design and their impact on the performance of the device is 60 

therefore a major challenge. 61 

Thus far, the most viable way to visualise these processes has been via numerical modelling, 62 

and a number of previous publications have used this approach to predict the spatial variations in 63 

temperature and concentrations of the redox species for cells operating under steady-state conditions 64 

[16,17]. These studies have provided valuable insights, for example Sokirko’s model predicted linear 65 

concentration gradients for the redox species in the absence of convection [16], and, when convection 66 



3 

 

is present, the existence of diffusive layers at the electrodes (regions of enhanced concentration of 67 

redox species due to their generation at the electrode surface) with a neighbouring “inversion layer” 68 

showing a reduced concentration of that species relative to the bulk [16,17]. These features are 69 

predicted to be more pronounced at the cold electrode due to the slower local diffusion. Salazar and 70 

co-workers used their model as a basis for the optimisation of cell designs and geometries, and 71 

showed that stacking cells in series could significantly boost conversion efficiency [17]. However, such 72 

models inevitably necessitate various simplifications. For example, Salazar’s model was restricted to 73 

two dimensions, thus could not consider any effects of the interior side walls of the cell, and also had 74 

to neglect the effects of thermophoresis under the assumption that other mass transfer effects are 75 

dominant in a functioning cell [17]. 76 

To the best of our knowledge, the experimental observation of the various inter-related and 77 

spatially-dependent phenomena occurring in a working thermocell has not yet been achieved. The 78 

vast majority of experimental studies have focused on electrochemical measurements [18] carried out 79 

on thermocells featuring different electrode and electrolyte materials, and with different cell 80 

geometries, orientations and designs [19-24]. While these are extremely useful and can be used to 81 

quantify the device performance, they provide little information on the processes occurring within the 82 

electrolyte and certainly no insights into spatial variations in the cell. Said and co-workers have used 83 

infrared thermal imaging to study the temperature distribution across thermocells incorporating 84 

polymer membranes [25], but these images could only provide the temperature across the outer 85 

surface of the device. 86 

Operando magnetic resonance imaging (MRI) is a versatile and non-invasive technique that 87 

has been used by a number of research groups to study energy storage devices such as double-layer 88 

capacitors [26] and batteries [27,28], allowing the mapping of ion concentration gradients in 89 

electrolytes [29-32], studies of device charge state [33] and current distributions [34], and the 90 

observation of processes such as Li and Na ion intercalation into electrodes [35], the growth of metallic 91 

dendrites from the electrode surface [36], and magnetohydrodynamics in the electrolyte [37]. This 92 

technique is particularly well suited for studies of thermocells given the inherent paramagnetic nature 93 

of many redox species that will result in enhanced relaxation-based image contrast [38], as well as its 94 

ability to quantitatively probe translational molecular dynamics including diffusion and flow. To this 95 

end, we have constructed custom thermocells designed specifically for operando MRI characterisation 96 

using a microimaging probe with a 25 mm inner diameter radiofrequency coil (Figure 1). The cell 97 

housing is made of polyether ether ketone (PEEK), an inert material that is easily machined and is 98 

thermomechanically stable. The electrolyte is contained in a central chamber between two 0.25 mm 99 

thick platinum plate electrodes held in place using butyl rubber gaskets. The electrode temperatures 100 
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are controlled in situ using hot and cold gas streams that flow over the outer surfaces of the electrodes 101 

and whose temperatures and pressures can be individually controlled. Due to the design of the 102 

imaging probe used and space restrictions inside the magnet, the hot gas is required to enter the cell 103 

from below with the other gas connections located at the top. Despite this restriction, the modular 104 

design of the horizontal electrode cell allows either hot-above-cold or cold-above hot orientations 105 

(Figure 1b and 1c). As the electrolyte temperature is measured directly during the experiments via the 106 

MRI images obtained, no thermocouples are required. Electrode connections are achieved using wires 107 

extending from the top of the cells and these are connected to a potentiostat located outside of the 108 

magnet using shielded cables. 109 

Figure 1 – Schematics of the thermocell designs for operando MRI experiments, with (a) vertical, (b) 110 

hot-above-cold and (c) cold-above-hot electrode orientations. Red and blue arrows represent hot 111 

and cold gas flow pathways respectively. Additional illustrations of the cells are provided in the 112 

Supplementary Information, and full design details are available upon request. 113 

 114 

 The electrolyte system chosen for this work consists of the tris(bipyridyl)cobalt redox couple 115 

Co(bpy)3 with the bis(trifluoromethanesulfonyl)-imide (TFSI) anion in the solvent 3-116 

methoxypropionitrile (MPN) (molecular structures shown in Figure 2). The cobalt cation can exist in 117 

either the paramagnetic Co2+ or diamagnetic Co3+ oxidation states, with two or three associated TFSI 118 

anions respectively. This system was chosen based on its relatively high Seebeck coefficient of 1.99 119 

mV K−1 (measured for an MPN electrolyte containing 0.05 M of both redox species) [21]. A gelled form 120 
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synthesised by incorporating 5 wt% polyvinylidene difluoride (PVDF) has also been studied previously 121 

[23] and was investigated in this work alongside the liquid form. For this electrolyte, the redox reaction 122 

entropy is positive and thus the hot electrode acts as the cathode and reduction reactions dominate 123 

on that side of the thermocell, forming the paramagnetic Co2+ state, with the opposite process 124 

occurring at the cold electrode. 125 

 126 

Results 127 

1H and 19F image contrast. Axial-slice images of liquid electrolyte samples with different 128 

concentrations of each cobalt oxidation state, acquired using the 1H nuclei of the MPN solvent 129 

molecules and the 19F nuclei of the TFSI anions, are shown in Figure 2d and 2e respectively. The 130 

protons of the bipyridyl ligands give well resolved 1H NMR signals for the different cobalt oxidation 131 

states due to the large paramagnetic shift induced by the Co2+ (see Supplementary Information), so 132 

chemical shift selective imaging could in principal be used to directly observe these species. However, 133 

the MPN solvent molecules give 1H signals that are approximately two orders of magnitude larger and 134 

so these signals were exploited for the 1H imaging. Figure 2d shows that the MPN 1H T1 (i.e., the 135 

longitudinal nuclear spin relaxation time, a parameter commonly used to generate MRI image 136 

contrast) is sensitive to the concentrations of both redox oxidation states, while the 19F spin density 137 

contrast in Figure 2e also reports on these concentrations due to the different relaxation times as well 138 

as the different numbers of anions associated with each cobalt redox state. While both nuclei are 139 

viable for imaging, in the majority of this work we have focused on 1H due to its higher sensitivity. 140 



6 

 

Figure 2 – Molecular structures of (a) the tris(bipyridyl)cobalt cation Co(bpy)3, (b) the 141 

bis(trifluoromethanesulfonyl)-imide anion (TFSI), and (c) the 3-methoxypropionitrile (MPN) solvent. 142 

(d) and (e) show axial slice 1H T1 and 19F spin density contrast images obtained from electrolyte 143 

samples in 5 mm diameter NMR tubes at 20 °C (MPN with (1) 0.05 M Co2+(bpy)3(TFSI)2, (2) 0.10 M 144 

Co2+(bpy)3(TFSI)2, (3) 0.15 M Co2+(bpy)3(TFSI)2, (4) 0.05 M Co3+(bpy)3(TFSI)3, (5) 0.10 M 145 

Co3+(bpy)3(TFSI)3, (6) 0.15 M Co3+(bpy)3(TFSI)3 and (7) both 0.05 M Co2+(bpy)3(TFSI)2 and 0.05 M 146 

Co3+(bpy)3(TFSI)3). (f) Plot of 1H T1 relaxation times (blue circles) of the MPN protons as a function of 147 

temperature and Co2+ concentration, measured from electrolytes with a total Co(bpy)3 148 

concentration of 0.10 M. The surface is a best fit to a polynomial function obtained using MATLAB 149 

(see Supplementary Information for details). 150 
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 151 

 The strong dependence of the MPN 1H T1 relaxation times on the local concentration of the 152 

cobalt redox species, particularly the paramagnetic Co2+ state, is clear from Figure 2d. However, these 153 

relaxation times are also temperature dependent (Figure 2f), and both the concentration and 154 

temperature can vary spatially throughout the electrolyte in a functioning thermocell. The 155 

dependence of T1 on these two variables must therefore be disentangled in order to interpret the 156 

relaxation contrast in a working device. We achieve this by first measuring a T1 relaxation map of the 157 

thermocell with the temperature gradient applied but the cell in open circuit mode (i.e., electrodes 158 

remaining disconnected). An initial assumption is made that local variations in the concentration of 159 

the redox species are negligible at open circuit voltage, where no external electron transfer occurs to 160 

drive the redox reactions at the electrodes. This allows the acquired T1 map to be directly converted 161 

to a temperature map via the (independently measured) temperature variation of the 1H T1 for the 162 

particular electrolyte used (in this case MPN containing 0.05 M Co2+(bpy)3(TFSI)2 and 0.05 M 163 

Co3+(bpy)3(TFSI)3). This requires the temperature map to be recorded as quickly as possible after 164 

establishing the thermal gradient in order to minimise the effects of thermophoresis, which can occur 165 

over a time scale of hours (vide infra). Subsequently, an external load resistance is applied and the cell 166 

begins to operate, with both the current and potential continuously measured via the potentiostat. A 167 

second assumption is then made that the resulting redox reactions, accompanying mass transfer 168 

processes such as diffusion and electrophoresis, and other effects such as Joule heating of the 169 

electrodes, do not significantly alter the temperature distribution within the electrolyte, which 170 

remains dominated by conductive and convective heat transfer between the electrodes. This allows 171 

the temperature map obtained from the unconnected cell to be used as a restraint in calculating the 172 

local concentrations of the redox species from subsequent T1 maps acquired from the functioning cell. 173 

This conversion is achieved using the polynomial function obtained from the surface fit of the T1 data 174 

in Figure 2f (see Supplementary Information for more details), which were acquired using separate 175 

calibration measurements carried out on individual samples prepared with different Co2+ and Co3+ 176 

concentrations. We note also that various other assumptions inherent to operando MRI studies of 177 

electrochemical devices also apply, for example that Lorentz forces on the electrolyte ions and eddy 178 

currents on the electrodes play a minimal role in the device functionality. 179 
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 180 

Figure 3 – Temperature maps obtained from the vertical electrode cell containing the MPN with 181 

0.05 M Co2+/3+(bpy)3(TFSI)2/3 electrolyte in (a) liquid and (b) gel form. In both cases the target 182 

electrode temperatures were −30 (cold/left) and 60 °C (hot/right). 183 

 184 

Temperature maps and effects of convection. Figure 3 shows temperature maps obtained from the 185 

liquid and gel electrolytes within the vertical electrode cell under an applied temperature differential 186 

of 90 °C (although a narrower actual temperature difference across the electrolyte within the device 187 

is observed in both cases). In these and all subsequent images presented, the pixel dimensions are 188 

0.39 × 0.39 mm and the image dimensions are 12.5 × 25 mm. In the liquid (Figure 3a), thermal 189 

convection acts to continuously circulate the electrolyte in an anti-clockwise direction, resulting in a 190 

fairly uniform temperature of around 20 °C across the majority of the cell, with a cooler region visible 191 

in the centre of the electrolyte as predicted by modelling [17]. Cold and hot layers are visible close to 192 

the electrode surfaces, while a hot region is also seen at the top of the hot electrode, possibly trapped 193 

by the meniscus of the electrolyte. In the gel electrolyte under the same conditions (Figure 3b), 194 

convection is prevented by the polymer matrix and a more linear temperature gradient is observed 195 

across the cell. These images provide a stark illustration of the role that convection can play in 196 

determining the temperature distribution within a thermocell, and the ability of gel electrolytes to 197 

maintain a large temperature differential by eliminating convective flow. 198 

 199 
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Figure 4 – (a) Temperature map and (b - m) apparent Co2+ concentration maps obtained from the 200 

vertical electrode cell with the MPN with 0.05 M Co2+/3+(bpy)3(TFSI)2/3 gel electrolyte at times 201 

indicated. Images (a – g) were obtained from an unconnected (open circuit) cell. Images (h – m) were 202 

obtained after connecting the load resistances R as indicated. Average powers Pavg drawn from the 203 

cell during the acquisition of each image are also shown. 204 

 205 

Concentration maps and competing mass transfer effects. For the vertical electrode cell with the gel 206 

electrolyte, a temperature map and subsequent time-resolved series of concentration maps at open 207 

circuit voltage and then with different applied load resistances were acquired and are shown in Figure 208 

4. Each image took approximately 27 min to obtain and the times quoted are the completion times 209 

for the acquisition of each image. First, Co2+ concentration maps were obtained from the cell in its 210 

open circuit state to observe the stability of the electrolyte over time under the effects of the applied 211 

thermal gradient (Figures 4b to 4g). The initially uniform Co2+ concentration across the whole 212 

electrolyte can be seen to change over a period of several hours, with an apparent clustering of Co2+ 213 

species on the cold side of the cell (Figure 4d) that eventually begins to sink to the bottom of the 214 

electrolyte (Figures 4e to 4g). These observed changes are due to thermophoresis, whereby the cobalt 215 

species (of both oxidation states) migrate towards the cold side of the cell, gradually increasing the 216 

local electrolyte density and resulting in the sinking effect. Note that this process results in a departure 217 

of the local net cobalt concentration from 0.10 M, and so the calibration data in Figure 2f no longer 218 
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applies, hence we have labelled the concentration scale in Figure 4 as “apparent” Co2+ concentration. 219 

Nonetheless, although these particular images are not truly quantitative, the contrast reliably 220 

illustrates the effects of thermophoresis and the time evolution of the spatial distribution of the cobalt 221 

species within the cell. In a functioning device, the effects of thermophoresis must be overcome by 222 

other mass transfer effects such as diffusion in order for the Co3+ species to reach the hot electrode 223 

and undergo reduction to Co2+. This can be observed in Figures 4h to 4m, in which the cell was 224 

connected to a variable load resistance. Over time, and as the applied load resistance is reduced, the 225 

apparent Co2+ concentration is seen to increase near the hot electrode, while a layer of reduced 226 

apparent Co2+ concentration (i.e., increased Co3+ concentration) grows at the surface of the cold 227 

electrode as expected. 228 

 Subsequently, a fresh gel electrolyte was placed into the vertical electrode cell and a new 229 

series of concentration maps were generated, this time with the load resistances connected 230 

immediately after recording the temperature map, thereby minimising the effects of thermophoresis. 231 

An example Co2+ concentration map is shown in Figure 5b, while the evolution of the Co2+ 232 

concentration gradient across the centre of the cell as a function of time and load resistance is shown 233 

in Figure 5c. As the effects of thermophoresis are minimal in this case, these Co2+ concentration data 234 

are quantitative. The Co2+ concentration gradient evolves from close to zero in the initial measurement 235 

to a sigmoidal-like profile under the 1 kΩ load resistance at t = 250 min. This is a departure from the 236 

linear concentration gradients predicted by Sokirko [16], and may be due to a number of factors not 237 

accounted for in the modelling such as the effects of the side walls of the electrolyte chamber, spatial 238 

variations in temperature across the surface of each electrode, and the fact that this system may not 239 

yet have reached the steady state. The concentration map in Figure 5b also shows that the 240 

concentration profile varies vertically across the cell. These temperature and concentration maps 241 

therefore provide valuable experimental data to which modelling results may be compared. 242 

 243 
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Figure 5 – (a) Temperature map and (b) Co2+ concentration map obtained from the vertical electrode 244 

cell with the gel electrolyte. (c) One dimensional Co2+ concentration profiles across the centre of the 245 

cell, extracted from images obtained at the times and under the load resistances indicated (the 246 

yellow plot in (c) was taken from the image in (b)). Average powers Pavg drawn from the cells during 247 

the acquisition of each image are also quoted. The full series of images are provided in the 248 

Supplementary Information. 249 

 250 

 19F spin density images of the gel electrolyte in the vertical electrode cell are shown in Figure 251 

6. These images report on the local concentrations of the TFSI anions, which due to ion clustering will 252 

in turn depend on the local concentrations of the cobalt redox cations. 19F image intensity arising from 253 
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the PVDF component of the gel is negligible due to its much broader NMR line width. In the image 254 

obtained from the unconnected cell with no temperature gradient applied (Figure 6a), the spin density 255 

is fairly uniform across the electrolyte as expected. The same thermal gradient as for the 1H imaging 256 

experiments discussed above was subsequently applied and after 740 min a clear increase in 19F spin 257 

density is observed on the cold (left) side of the cell, consistent with the migration of the anions to the 258 

cold side due to thermophoresis. Subsequently, a series of load resistances were applied and the 259 

image in Figure 6c was acquired, showing a further increase in 19F spin density on the cold side. The 260 

evolutions in image intensities at the electrode surfaces during this series of experiments are plotted 261 

in Figure 6d. Initially, the TFSI concentration increases at the cold electrode and decreases at the hot 262 

electrode due to thermophoresis. When the load resistances are connected, oxidation (Co2+ → Co3+) 263 

occurs at the surface of the cold electrode, necessitating a further local increase in TFSI concentration 264 

to balance the charge, while the opposite process occurs at the hot electrode. The observation of 265 

larger TFSI concentration changes near the cold electrode (when one might expect the changes at 266 

each electrode to be equal and opposite) is consistent with the predictions of modelling and is due to 267 

the slower rates of diffusion on the cold side of the cell, which leads to more pronounced diffusive 268 

layers at the cold electrode surface (see for example Figure 2c in reference [17]). 269 



13 

 

Figure 6 – 19F spin density maps obtained from the vertical cell with the gel electrolyte (a) with no 270 

temperature gradient or load resistance, (b) after 740 min with thermal gradient applied but no load 271 

resistance connected, and (c) after 1338 min with a 1 kΩ load resistance. In (b) and (c), the cold 272 

electrode is on the left. (d) Time evolution of the 19F signal intensities at the surface of each electrode 273 

(average extracted from the four columns of pixels closest to each electrode, corresponding to a 274 

layer approximately 1.5 mm thick). The thermal gradient ΔT was switched on and the load 275 

resistances were applied at the times indicated by the dashed lines. 276 

 277 
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 Finally, a series of 1H imaging experiments were carried out on the gel electrolyte in the 278 

horizontal electrode cell with both hot-above-cold and cold-above-hot configurations (Figure 7). 279 

Figures 7a and 7h show the acquired temperature maps for these configurations, and the temperature 280 

gradient is seen to be non-linear and steeper at the top of the cell in both cases. We note some 281 

distortions to the images which make the top and bottom surfaces appear slightly curved (most 282 

noticeable for the hot-above cold images in Figures 7a to g), and this is attributed to magnetic field 283 

inhomogeneities close to the electrodes. For both the hot-above-cold and cold-above-hot 284 

configurations, the effects of thermophoresis can be observed with an increase in the apparent Co2+ 285 

concentration appearing over several hours at the cold region of the electrolyte before any load 286 

resistance is connected. Upon connecting a load resistance, the concentration gradient is gradually 287 

seen to reverse as other mass transfer processes driven by the redox reactions begin to dominate. 288 

Average powers Pavg drawn from the cells during each imaging experiment are around 50% higher for 289 

the cold-above-hot configuration, indicating a more efficient mass transfer between the electrodes. 290 

This could be due to some slow or small-scale thermal convection within the gel, and/or the sinking 291 

of the more dense regions of electrolyte with higher Co3+ concentration that are formed at the upper 292 

cold electrode, neither of which would occur for the opposite orientation. 293 

Figure 7 – Temperature and apparent Co2+ concentration maps for the horizontal electrode cells in 294 

the hot-above-cold (top row) and cold-above-hot (bottom row) configurations. In both cases, the 295 

initial connection to an external load resistance was made at t ≈ 700 min. 296 
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 297 

 In summary, we have shown that operando MRI can be used to obtain quantitative 298 

temperature and concentration maps from working thermocells, providing valuable experimental 299 

data on the different inter-related processes occurring in these devices that can be correlated with 300 

both modelling results and electrochemical measurements. The inherent paramagnetism of the Co2+ 301 

redox state led to significant 1H T1 relaxation contrast, making thermocells particularly well-suited for 302 

characterisation by this technique, and 19F spin density imaging was also demonstrated as a viable 303 

alternative. We have observed thermophoresis occurring inside a gel electrolyte in an unconnected 304 

cell, and have shown that other mass transfer processes induced by the redox reactions when a load 305 

resistance is applied are dominant over this process and reverse its effects. The image acquisition 306 

times used were short relative to the time scale of the observed concentration changes, allowing them 307 

to be monitored as a function of time and applied load resistance. Other MRI modalities such as 308 

diffusion and velocity mapping will provide further insights into mass transfer processes such as 309 

electrophoresis and convection. The approaches reported herein may also be useful for studying other 310 

energy storage devices such as thermal batteries and capacitors. 311 

 312 

Methods 313 

Electrolyte preparation. Reagents for the cobalt redox couple synthetic procedures were purchased 314 

and used as received from Sigma Aldrich, 3M, May & Baker ltd, Emsure, and LiChrosolv. 3-315 

Methoxypropionitrile (MPN) (98%) was purchased from Fluka and used as received. The redox couples 316 

Co2+(bpy)3TFSI2 and Co3+(bpy)3TFSI2 (where bpy = 2,2-bipyridyl and TFSI = bis(tri-317 

fluoromethanesulfonyl)imide) were synthesised following a previously published procedure [21]. 318 

Polyvinylidene difluoride (PVDF) powder (KF850, molecular weight = 3 × 105) was purchased from 319 

Kureha Chemicals, Japan, and used as received, and gel electrolytes were prepared by incorporating 320 

5 wt% PVDF into the liquid electrolytes. 321 

1H relaxation calibration measurements. A series of electrolytes with varying fractions of 322 

Co2+(bpy)3TFSI2 and Co3+(bpy)3TFSI2 but a total Co(bpy)3 concentration of 0.10 M were prepared in 323 

both liquid and gel forms. 1H T1 relaxation times were measured over a range of sample temperatures 324 

from the MPN signals using an 11.7 T Bruker Avance III standard bore spectrometer, a 5 mm HX 325 

solution-state probe, and a saturation recovery pulse sequence. The resulting data was fitted to a 326 

polynomial surface function (Figure 2) and the resulting parameters of this fit are provided in the 327 

Supplementary Information. 328 
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Thermocell designs. The cells designs were developed in SolidWorks and are available upon request. 329 

Further images of the cells are provided in the Supplementary Information. They were machined from 330 

polyether ether ketone (PEEK) and measure 25 mm in diameter (30 mm diameter cap) and 100 mm in 331 

length. The wider cap at the top allows the cell to rest in the correct position within the imaging probe. 332 

Cell components are connected using PEEK screws with butyl rubber gaskets (1 mm thickness) to 333 

prevent electrolyte leakage. 0.25 mm thick platinum electrodes were also held in place by butyl rubber 334 

gaskets. The surface area of each electrode exposed to the electrolyte was approximately 1.4 cm2 for 335 

the vertical electrode cell and 0.4 cm2 for the horizontal electrode cell. For the vertical electrode cell 336 

design, the electrolyte is inserted from above by removing the top cap of the cell. For the horizontal 337 

electrode cells, an inlet on the side of the cell allows the electrolyte to be injected into the cavity 338 

before being sealed with a PEEK screw. 339 

Operando MRI experimental set up. The cells were placed inside the 25 mm RF coil of a Bruker 340 

Micro2.5 microimaging probe. Separate exchangeable MICWB40 birdcage RF coils were used for 1H 341 

and 19F imaging experiments. The hot and cold gas flows were controlled using two independent 342 

Bruker BCU II chiller units. Gas lines and electric cables were connected to the cell before placing the 343 

probe inside a Bruker 11.7 T wide-bore vertical superconducting magnet with an Avance III console 344 

and three GREAT (1/60) amplifiers capable of generating field gradients of up to 1.5 Tm−1. In the case 345 

of the vertical electrode configuration, the cell was aligned with the electrode surfaces parallel to the 346 

RF (B1) field. The electrode connection cables incorporated an RF filter at the top of the magnet and 347 

were connected to an external BioLogic SP-150 (Science Instruments) potentiostat controlled using 348 

the EC-Lab software, which allowed the applied load resistance to be controlled and the cell potential 349 

and drawn current to be continuously recorded during all imaging experiments. A schematic 350 

illustration of the set-up is provided in the Supplementary Information. 351 

1H relaxation mapping. Imaging experiments were controlled using the Bruker ParaVision software 352 

(v6). The Rapid Acquisition with Relaxation Enhancement (RARE) imaging pulse sequence was used for 353 

all imaging experiments. Images were obtained with a RARE factor of 1, a field of view of 25 × 25 mm 354 

and a matrix dimension of 64 × 64. Vertical slices positioned in the centre of the electrolyte and in a 355 

plane perpendicular to the electrodes were used with slice thicknesses of 8 mm and 5 mm for the 356 

vertical and horizontal electrode configurations respectively. A series of images were obtained using 357 

15 experiments with repetition times logarithmically spaced between 100 and 6000 ms, with a 358 

minimum echo time of 5.08 ms, resulting in a total acquisition time for each T1 map of 27 minutes. 359 

Signal intensities below a certain threshold (15 – 25%) of the maximum value (i.e., noise outside of 360 

the electrolyte region) were removed. The T1 maps were then reconstructed from this series of 15 361 

images using the Prospa software (Magritek, New Zealand) by fitting the signal intensity variation of 362 
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each pixel using the function 𝑆𝑆(𝑡𝑡) = 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚(1− 𝑒𝑒−𝑡𝑡𝑇𝑇1), where S(t) is the pixel signal intensity for 363 

repetition time t and Smax is the maximum signal intensity for the pixel. 364 

19F spin density imaging. The 19F spin density images were also acquired with the RARE pulse 365 

sequence, with a repetition time of 20 s, a RARE factor of 1 and a minimum echo time of 5.08 ms to 366 

minimise relaxation contrast. The slice thickness, field of view and matrix size were identical to the 1H 367 

imaging, but due to the weaker signal strength additional signal averaging was employed resulting in 368 

an acquisition time of 43 minutes per image. 369 

Data processing. The 1H T1 maps were converted to either temperature or Co2+ concentration maps 370 

using the relaxation calibration data (see Supplementary Information for full expression) and following 371 

the general procedure outlined in the main text via a home-written MATLAB code. All imaging figures 372 

were generated using MATLAB and cropped in Adobe Illustrator, while data plots were generated 373 

using Origin. 374 
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