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The structure of carbon materials and their precursors can be studied by magic-angle spinning solid-state nuclear magnetic 
resonance (MAS-SS-NMR). The state and structure of adsorbed and/or intercalated molecules and ions on/in the carbon ma-
terials can also be determined using this method. Eddy currents induced by the magnetic field during measurements cause 
a temperature increase in conducting carbon materials. The effects of various physical and chemical characteristics of the 
carbon materials on this temperature increase were investigated. The oxygen content was found to be the dominant factor 
determing the temperature increase, with a higher oxygen content giving a smaller temperature increase. This correlation en-
ables a rough estimate of the temperature increase in carbon materials prior to performing MAS-SS-NMR measurements.
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1. Introduction

Various carbon materials, including graphite, hard carbon, acti-

vated carbon (AC), and carbon black (CB), are used as electrode ma-

terials or conductive auxiliary agents in batteries and electric double 

layer capacitors [1–4]. Solid-state nuclear magnetic resonance (SS-

NMR) is used to investigate the storage state, storage mechanism, 

and stability of ions [5–7]. This is because SS-NMR can provide 

element-selective and local-environment-sensitive information on tar-

get ions, even if they are intercalated in or adsorbed on carbon mate-

rials [8–10]. The underlying principle of SS-NMR is similar to that of 

common liquid-state NMR, but the mobility of solid samples is much 

lower than that of liquid samples. Because the NMR peak line width 

is related to mobility, solid samples often show broader peaks than 

liquid samples. Therefore, high-speed magic-angle spinning (MAS) 

is often used to decrease the anisotropy of solid samples to obtain 

sharp peaks. Recent developments in MAS probes enable ultrahigh 

MAS speeds on the scale of tens of kHz [11, 12].

It is well known that the motion of conductive materials in a mag-

netic field and the application of magnetic-field gradients to conduc-

tive materials induce eddy currents. These phenomena occur in the 

magnetic fields during NMR and magnetic resonance imaging (MRI) 

measurements [13–15]. The eddy currents result in broadened reso-

nances and distorted lineshapes, preventing accurate NMR measure-

ments and MRI diagnostics. In addition, the electrical resistance of 

the specimen causes the transformation of the generated eddy current 

into heat [16]. The larger the eddy current generated, the higher the 

temperature increase. For some nuclear species, the change in tem-

perature causes a substantial change in the NMR chemical shift and 

thus inaccurate analysis results [17–20]. Furthermore, physical and 

chemical transformations of carbon materials, additives, and/or elec-

trolytes may be induced by an increase in temperature. If a specimen 

melts because of the temperature increase, it may leak from the NMR 

sample tube owing to the centrifugal force induced by the high-speed 

MAS. This would result in the contamination of the NMR apparatus. 

If the electrolyte decomposes with the gas generation, there is a risk 

that the cap of the sample tube will burst off and seriously damage 

the NMR apparatus. To avoid such occurrences, it is important to 
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estimate the magnitude of temperature increase in the sample prior to 

performing MAS-SS-NMR measurements.

The size of the generated eddy current is thought to be affected by 

various factors such as the strength of the NMR magnetic field, the 

MAS speed, the electrical conductivity of the sample, and the pack-

ing density of the sample. Among these factors, the strength of the 

NMR magnetic field and the MAS speed depend on the apparatus and 

measurement conditions. At the same time, different carbon materials 

have different electrical conductivities. Accurate measurement of the 

intrinsic intra-particle electrical conductivity of powdered carbon ma-

terials is difficult because the measured apparent electrical conductiv-

ity is affected by inter-particle contact resistance and packing den-

sity. Furthermore, intra-particle electrical conductivity is considered 

a function of the physicochemical properties of the carbon material. 

These properties include the level of graphitic structure development, 

particle size, and chemical composition.

In this study, the critical properties determining the temperature 

increase during MAS-SS-NMR measurements of carbon materials 

were investigated. Various powdered carbon materials with different 

degrees of graphitization, contents of surface functional groups, po-

rosity, and particle size were considered. In 207Pb-NMR spectra, the 

chemical shifts are known to correlate well with temperature changes 

[17–19, 21, 22]; thus, in situ temperature measurements of carbon 

materials were performed during MAS-SS-NMR with Pb(NO3)2 

mixed into the carbon samples as a temperature indicator. The oxygen 

content of the carbon material was found to be the determining factor 

for the magnitude of temperature increase caused by the generated 

eddy currents during MAS-SS-NMR. For example, Ketjen black, 

which contains a relatively low number of oxygen-containing surface 

functional groups, induced a maximum local temperature increase 

of about 75 °C at the MAS speed of 10 kHz in a 400-MHz NMR ap-

paratus. On the other hand, oxygenated carbon materials showed a 

temperature increase of less than 20 °C under the same experimental 

conditions. Furthermore, a correlation between oxygen content and 

temperature increase was obtained regardless of the differences in 

the parent carbon material, enabling the prediction of temperature 

increase during MAS-SS-NMR measurements.

2. Experimental

Three types of CB and one type of AC were used as parent samples 

in this study. CBs were supplied by Tokai Carbon Co., Ltd., Japan 

(furnace black; FB), Denka Co., Ltd., Japan (acetylene black; AB), 

and Lion Specialty Chemicals Co., Ltd., Japan (Ketjen black ECP; 

KB). AC was provided by Kansai Coke and Chemicals Co., Ltd., 

Japan (MSC30, MAX). Oxidation treatment was performed by ex-

posing about 100 g of each CB or AC specimen to an O3/O2 gas mix-

ture (O3; 12 g/h, 39 g/m3) at room temperature for 7 h. The O3/O2 gas 

mixture was generated using a commercial ozone generator (CO-101, 

Ishimori Co., Ltd., Japan). The oxidized FB, AB, KB, and MAX are 

further referred to as Ox-FB, Ox-AB, Ox-KB, and Ox-MAX, respec-

tively. Samples with a lower oxygen content were prepared through 

the heat treatment of as-received CB and AC samples in a reducing 

atmosphere (Ar/H2=8/2 (v/v)) at 600 °C for 24 h (further referred to 

as H-FB, H-AB, H-KB, and H-MAX, respectively). Non-conductive 

SiO2 powder (325 mesh, 99.6% purity; Sigma-Aldrich Co., USA) 

was used as a reference sample without any purification.

Elemental compositions of the samples were determined using a 

CHN analyzer (MT-5, Yanako, Japan). Oxygen content (Odiff.) was 

determined by subtracting the sum of C, H, and N contents from 

100%. Raman spectra were acquired at room temperature (NRS-

3200, JASCO Co., Japan). R values (ID/IG values) were calculated 

from the ratio of intensities at 1350 and 1580 cm−1. Average inter-

layer spacings, d002, were obtained according to the Gakushin method 

[23] using an X-ray diffraction (XRD) apparatus (RINT-Ultima III, 

Rigaku, Japan). Specific surface areas (SSA) of CBs and ACs were 

calculated via the Brunauer–Emmett–Teller method [24] (analyzed 

relative pressure range: P/P0=0.05–0.35) and the αS method [25], 

respectively, from N2 adsorption isotherms measured at 77 K using 

a volumetric adsorption apparatus (BELSORP-max-S, BEL Japan 

Inc., Japan). The samples were heated at 150 °C in vacuum for 2 h 

prior to the adsorption measurements. 207Pb-NMR spectra were used 

to estimate the temperature of samples during MAS-SS-NMR mea-

surements. Each sample was mixed with 10 wt.% Pb(NO3)2 powder 

(>99.9% purity, Wako Pure Chemical Industries, Ltd., Japan). A 

400-MHz, solid-state NMR (JNM-ECX-400, JEOL Ltd., Tokyo, 

Japan) was used to acquire 207Pb-NMR spectra at room temperature. 

Prior to the NMR measurements, samples were preheated at 100 °C 

under N2 gas flow for 2 h and then packed in a 3.2 mm ZrO2 NMR 

sample tube using a sampling stick under N2 atmosphere. The NMR 

measurements were conducted using a cross polarization/magic-angle 

spinning probe at 3.5 µs with a 90° pulse angle, a relaxation delay of 

10 s, and different MAS speeds. Typically, 1024–8192 scans were 

performed to obtain spectra with reliable signal-to-noise ratios. The 

measurement times in this study were at levels typical for SS-NMR 

measurements [9, 26].

3. Results and Discussion

The oxygen contents, Odiff., of the CB and AC samples are listed in 

Table 1. The Odiff. values increased after the oxidation treatment and 

decreased after the reduction treatment regardless of the parent car-

bon material. It has been reported that ozonation at room temperature 

preferentially generates acidic surface functional groups, especially 

carboxylic groups [27, 28], whereas ozone treatment at elevated tem-

peratures decreases the content of carboxylic groups [29]. SSA, ID/IG, 

and d002 values for each sample are also presented in Table 1.

Although CBs show a broad but clear d002 peak in their XRD pat-
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terns (Supporting Information, Fig. S1), this peak is not observed for 

ACs (MAX series). The oxidation treatment considerably reduced 

the d002 values of the AB and KB series, suggesting an improvement 

in graphitic stacking alignment. It has been previously reported that 

the oxidation of ABs with small particle sizes improves crystallinity 

by releasing the strain of the curved graphitic structure [30]. Regard-

ing the specific surface areas, no remarkable changes are observed 

after the oxidation or reduction treatments, except for a significant 

decrease in the SSA of KB after oxidation. A thin shell of stacked 

graphene sheets of KB was considered less robust than those of other 

CBs [31].

Fig. 1 shows 207Pb-NMR spectra of Pb(NO3)2 without any carbon 

samples at different MAS speeds. Hereafter, the peak position at a 

MAS speed of 2 kHz is considered 0 ppm. In the 207Pb-NMR spec-

tra, the higher the MAS speed, the more pronounced the deshielded 

shift (high-ppm shift) in the peak position. As mentioned above, 

the chemical shifts of peaks in 207Pb-NMR spectra are known to be 

highly correlated with temperature [17–19, 21, 22]. The deshielded 

shift indicates an increase in temperature, and peak broadening indi-

cates the widening of the temperature distribution. Using the previ-

ously reported correlation (δ=T×0.753 [ppm/°C]) [17], the observed 

chemical shift of the peak in the 207Pb-NMR spectra was converted to 

temperature increase, ΔTobs., as shown in Fig. 1. The value of ΔTobs. 

increases at an accelerated pace with increasing MAS speed. In the 

case of Pb(NO3)2 alone, the observed shifts in the signal were pri-

marily attributed to the unavoidable temperature increase caused by 

air friction of the NMR sample tube rotating at a high speed, ΔTAF. 

Indeed, similar degrees of deshielded shift are observed in the experi-

ments conducted with Pb(NO3)2 without any carbon samples using 

an NMR apparatus with a higher magnetic field, as shown in Fig. S2 

(Supporting Information). A higher temperature increase, i.e., a great-

er deshielded shift, should be observed in higher magnetic fields if it 

is caused by eddy currents. Furthermore, the 207Pb-NMR spectra of 

non-conductive SiO2 powder mixed with 10 wt.% Pb(NO3)2 agreed 

with those of Pb(NO3)2 alone (Supporting Information, Fig. S2). This 

also indicated that the eddy current-induced temperature increase in 

Pb(NO3)2 alone or in non-conductive materials was negligible, that is 

ΔTobs.≈ΔTAF.

The 207Pb-NMR spectra of carbon materials mixed with 10 wt.% 

Pb(NO3)2 obtained at different MAS speeds are shown in Fig. 2. 

Compared with neat Pb(NO3)2, larger deshielded shifts are observed 

for all the CB and AC samples at the same MAS speeds. This in-

dicates that in addition to the temperature increase caused by air 

friction of the high-speed rotating NMR sample tube, an extra tem-

perature increase was induced in carbon materials, probably due to 

the generated eddy currents. Furthermore, higher deshielded shifts 

Table 1 Physical and chemical properties of CBs and ACs.

Sample SSA  
[m2 g−1]

ID/IG  
[−]

d002  
[Å]

Elemental composition [mass%]

C H N Odiff.
b

Ox-FB 88 1.02 3.700 93.47 0.53 0.21 5.79
FB 76 1.03 3.702 95.33 0.61 0.25 3.81
H-FB 82 1.02 3.668 97.96 0.42 0.33 1.29

Ox-AB 342 1.37 3.515 74.69 0.33 0.03 24.95
AB 321 1.84 3.826 98.21 0.32 0.13 1.34
H-AB 333 1.63 3.800 98.94 0.07 0.12 0.87

Ox-KB 333 1.13 3.468 72.30 0.39 0.05 27.26
KB 816 1.18 3.625 98.45 0.23 0.05 1.27
H-KB 813 1.33 3.701 98.68 0.21 0.03 1.08

Ox-MAX 2618 1.01 –a 91.05 0.36 0.15 8.44
MAX 3045 1.02 –a 95.13 0.14 0.25 4.48
H-MAX 3029 1.04 –a 97.91 0.22 0.12 1.75

aNot available because of unclear d002 peak for ACs. bOdiff. [mass%]=100−(C+H+N).

Fig. 1 207Pb-NMR spectra of Pb(NO3)2 at different MAS speeds 
using a 400-MHz NMR apparatus. The peaks marked by * 
denote the spinning sidebands.
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resulted in a greater broadening of the spectral peak. This indicated 

wider temperature distributions, which were not so pronounced for 

Pb(NO3)2 alone. The degree of the deshielded shift and peak broad-

ening by the high-speed MAS varied for each sample. These param-

eters depend on the type of parent carbon material and the treatment 

that the sample underwent. For example, the temperature increase 

observed in oxidized CBs and Ox-MAX is approximately constant 

(9–12 °C). In this case, eddy currents contributed at most 4 °C to the 

temperature increase. Conversely, for KB and H-KB, maximum local 

temperature increases reached about 75 °C, which may cause degra-

dation and decomposition of electrolytes if these carbon materials are 

used as conductive auxiliary agents in battery cells.

The results shown in Fig. 2 indicate that the eddy current–gener-

ated temperature increases vary in different carbon materials. The 

relationships between the temperature increase and the ID/IG, d002, and 

Odiff. values, which were considered to affect the intrinsic electrical 

conductivity of carbon materials, were examined to clarify which of 

these properties most strongly influences the temperature increase. 

Fig. 3 shows the correlation between each parameter and the average 

temperature increase due to generated eddy currents at a MAS speed 

of 10 kHz, ΔTEC, which was calculated using the following equation 

EC obs. AFΔ Δ Δ ,T T T= −   

where ΔTobs. is the observed temperature increase above room tem-

perature for the carbon sample mixed with 10 wt.% Pb(NO3)2, and 

ΔTAF is that for Pb(NO3)2 alone. Here, the values of ΔTAF and ΔTobs. 

were averaged temperature increases estimated from the smallest and 

largest chemical shifts of each spectrum because of the difficulties in 

determining the peak top position, especially for broad NMR peaks at 

the MAS speed of 10 kHz.

The use of results for Pb(NO3)2 alone allows to exclude the contri-

bution of air friction. Although no correlations were detected between 

Fig. 2 207Pb-NMR spectra of CBs and ACs mixed with 10 wt.% 
Pb(NO3)2 at MAS speeds of 2, 5, and 10 kHz using a 400-
MHz NMR apparatus: (a) Pb(NO3)2 alone, (b) Ox-FB, (c) 
FB, (d) H-FB, (e) Ox-AB, (f) AB, (g) H-AB, (h) Ox-KB, (i) 
KB, (j) H-KB, (k) Ox-MAX, (l) MAX, and (m) H-MAX. 
The peaks marked by * denote the spinning sidebands.

Fig. 3 Correlation between eddy current-induced temperature increase, ΔTEC, at a MAS speed of 10 kHz in a 400-MHz NMR apparatus and (a) 
ID/IG, (b) d002, and (c) Odiff. values of CBs and ACs. (circles) FBs, (triangles) ABs, (inverted triangles) KBs, and (diamonds) ACs. The 
black-, blue-, and red-colored symbols denote pristine, oxidized, and reduced samples, respectively.
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ID/IG or d002 and ΔTEC (Fig. 3(a) or (b)), Odiff. was roughly corre-

lated with ΔTEC, as shown in Fig. 3(c). Higher Odiff. values yielded 

lower ΔTEC values. The suppression of temperature increase with an 

increase in Odiff. was most likely due to a decrease in the electron 

density of the hexagonal carbon layers. This is caused by electron-

withdrawing oxygen-containing surface functionalities such as car-

boxylic groups [32]. It should be noted that the CB and AC samples 

exhibit similar Odiff.–ΔTEC correlation curves, regardless of differenc-

es in porosity (CBs are non-porous or moderately porous, but ACs are 

highly porous) and particle size (tens of nanometers for CBs, but tens 

of micrometers for ACs), as presented in Table 1 and Fig. S3 (Sup-

porting Information), respectively. Oxygen-containing surface func-

tional groups should be introduced not only onto the external surface 

of carbon materials but also onto the internal surface of any pores 

such as those in ACs. Therefore, the unitary correlation between Odiff. 

and ΔTEC observed for all investigated carbon materials suggests that 

the magnitude of the generated eddy current is independent of the 

location of introduced oxygen-containing surface functionalities. It 

also suggests that the temperature increase in carbon materials can be 

roughly estimated using the correlation shown in Fig. 3(c) prior to the 

MAS-SS-NMR measurements.

4. Conclusions

Conductive carbon materials generate eddy currents that induce 

temperature increase in addition to that caused by air friction during 

MAS-SS-NMR measurements. The magnitude of this phenomenon 

depends on the parent carbon material and the chemical treatment it 

underwent. Among the properties considered, the oxygen content of 

carbon materials determined the electron density in hexagonal carbon 

layers and the magnitude of generated eddy currents. Thus, oxygen 

content governed the degree of eddy current–induced temperature 

increase in carbon materials during MAS-SS-NMR measurements.
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