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Abstract 

The structural characterisation of nanoporous carbons is a challenging task as they generally lack 

long-range order and can exhibit diverse local structures. Such characterisation represents an 

important step towards understanding and improving the properties and functionality of porous 

carbons, yet few experimental techniques have been developed for this purpose. Here we demonstrate 

the application of nuclear magnetic resonance (NMR) spectroscopy and pair distribution function 

(PDF) analysis as new tools to probe the local structures of porous carbons, alongside more 

conventional Raman spectroscopy. Together, the PDFs and the Raman spectra allow the local 

chemical bonding to be probed, with the bonding becoming more ordered for carbide-derived 

carbons (CDCs) synthesised at higher temperatures. The ring currents induced in the NMR 

experiment (and thus the observed NMR chemical shifts for adsorbed species) are strongly dependent 

on the size of the aromatic carbon domains. We exploit this property and use computer simulations to 

show that the carbon domain size increases with the temperature used in the carbon synthesis. The 

techniques developed here are applicable to a wide range of porous carbons, and offer new insights 

into the structures of CDCs (conventional and vacuum-annealed) and coconut shell-derived activated 

carbons.  

Introduction 

Nanoporous carbons are an important class of materials used in a range of applications including 

capacitive energy storage, gas storage, water treatment, and catalysis.1–3 In each case, the 

nanoporosity and high specific surface areas (typically > 1500 m2g-1), achieved by activating 

carbonaceous precursors, are exploited to store molecules or ions. In principle, carbon structures can 

be engineered for a given application, though characterisation of the highly disordered structures 

poses a significant challenge. The challenges in determining local- and long-range structure make it 
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extremely difficult to establish structure-function correlations beyond those simply derived from 

surface area and pore-size distributions. 

The structures of carbon materials4,5 have been actively researched since the pioneering X-ray 

diffraction studies of Franklin.6,7 She distinguished between graphitizing and non-graphitizing 

carbons, the former transforming into graphite upon heating to high temperature, and the latter 

showing no such transformation at temperatures as high as 3000 °C.7 For nanoporous carbons, 

analysis of the broad Bragg peaks is generally of limited use due to the long range disordered 

structures of these materials. However, inclusion of the diffuse scattering in the analysis allows the 

extraction of a pair distribution function (PDF), which is a weighted histogram of atom-to-atom 

distances showing the likelihood of finding an atom-pair separated by a certain distance.8 PDF 

studies show that porous carbons often exhibit a high degree of local ordering, with a propensity for 

hexagonal carbon rings in which the carbon atoms are sp2 hybridised.9–11 Correlations in the PDFs 

typically extend over tens of Angstroms, suggesting that there is local order on this length scale.10 

Transmission electron microscopy (TEM) images corroborate these concepts and generally show 

curved carbon sheets arranged in a disordered fashion.9,12–14 The sheet curvature is thought to arise 

from the presence of non-hexagonal carbon rings, observed in experimental13 and modelling 

studies.15–17 

Nuclear magnetic resonance (NMR) spectroscopy of adsorbate molecules is emerging as an advanced 

method to characterise the structure of carbon nanomaterials,18–24 as well as to characterise gas 

storage18,25,26 and energy storage27–31 systems in situ. In NMR spectroscopy, molecules or ions 

adsorbed inside carbon nanopores give rise to a spectral feature that is distinct from that of non-

adsorbed ones. This arises as the delocalized carbon π electrons circulate in the presence of an 

applied magnetic field, inducing a local magnetic field that shields nearby nuclei (referred to as a ring 

current effect). The chemical shifts observed for different adsorbed species are generally very similar 

for a given carbon,23,32–34 suggesting that the ring current shift is nucleus-independent to a first 

approximation. This has motivated the use of nucleus-independent chemical shift (NICS) calculations 

to rationalise the chemical shifts observed for adsorbates.20,22,23,35,36 When different carbon structures 

are studied experimentally, the chemical shifts observed for a given adsorbed molecule can vary 

dramatically.19,20,22,32 Our recent NICS calculations on model carbon fragments, in combination with 

lattice-simulations, suggested that the carbon pore size and the size of the hexagonally bonded carbon 

fragments in which ring currents are present can each have significant effects on the shifts observed 

for adsorbed species.20,24 

Today, nanoporous carbons are most commonly characterised by gas sorption experiments,37 which 

allow a determination of the carbon pore size distribution, and Raman spectroscopy, which provides 
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a measure of disorder in the carbon bonding network.38–40 Based on the large Raman cross-section of 

sp2-hybridized carbon, structural analysis of small amounts of material is possible. Incompletely 

graphitized carbons show two prominent spectral features: the G-mode between 1580 and 1590 cm–1 

indicative of sp2-hybridized carbon (bond stretching of sp2-hybridized carbon atoms in rings and 

chains coming from the zone centre E2g mode) and the D-mode between 1330 and 1342 cm–1 which 

represents the breathing mode of the six-fold carbon rings, but is only Raman active in the presence 

of defects, such as edges or vacancies.39 While the D/G peak area ratio can be used as a quantitative 

measure for the crystallite size in nano-crystalline graphites,41,42 for disordered porous carbons, the 

D- and G-band widths are commonly used as a measure of disorder in the carbon-carbon bonding 

network.12,43,44 

Given the complexity and variety of nanoporous carbon structures, there is considerable scope for the 

development of characterisation tools that can provide more accurate and complete structural 

information. Here, we investigate the structures of a series of titanium carbide-derived carbons (TiC-

CDCs) with a range of methods to compare and contrast the information that can be obtained. These 

materials were chosen for study because it is possible to control the porosity and degree of ordering 

by varying the synthesis temperature,12 and also by introducing additional vacuum annealing steps.14 

Pair distribution function analysis offers a powerful probe of local chemical structure, providing 

information which is complementary to that obtained from Raman analysis. These experiments show 

that the chemical bonding of TiC-CDCs becomes more uniform for materials synthesised at higher 

temperatures. The chemical shifts observed for adsorbates in NMR are shown to be particularly 

sensitive to the sizes of the carbon domains over which ring currents are present, and therefore offer a 

further probe of the local carbon structure. With the NMR approach, variations of the carbon pore 

size must be taken into account when interpreting the data. We demonstrate a convenient way to do 

this using a lattice simulation method that allows the size of the carbon domains to be estimated. The 

carbon domains in which ring currents are present are shown to increase in size with the maximum 

temperature used in the carbon synthesis. The application of the approach to commercial activated 

carbons is then demonstrated. 
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Results and Discussion 

1. Probing the structure of TiC-CDCs 

 

Figure 1 Characterisation of TiC-CDC samples. a) 19F MAS NMR (7.1 T) spectra of TiC-CDCs soaked with 

NEt4BF4/dACN (1.5 M) electrolyte. An example Δδ value is shown for TiC-CDC-1000. The MAS rate was 5 kHz, and 

spinning sidebands are marked by asterisks. The spectrum of neat electrolyte is shown for comparison. b) Pore size 

distributions measured by N2 gas sorption (see Supporting Information for the sorption isotherms). c) Raman spectra, 

with the deconvoluted full-width at half-maximum intensity (FWHM) values for the D-band shown in the inset. Full 

details of the fitted parameters are given in the Supporting Information. d) X-ray PDFs. The inset shows the region 

between 1 and 6 Å with the assignments to various C-C correlations indicated. 

A range of experiments were carried out to characterize the structures of a series of TiC-CDCs, 

prepared by etching of titanium carbide in chlorine at different temperatures (a sample synthesised at 

X °C is referred to as TiC-CDC-X, e.g., TiC-CDC-600). 19F magic angle spinning (MAS) NMR 

spectra of TiC-CDCs soaked with tetraethylammonium tetrafluoroborate (NEt4BF4) in deuterated 

acetonitrile (D3CCN, referred to as dACN here) (1.5 M) are shown in Figure 1a. In each case, a 
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resonance arising from ions nearby carbon surfaces inside carbon nanopores (referred to as “in-pore”) 

is observed, as well as an “ex-pore” resonance arising from ions in large spaces between the carbon 

particles (see introduction). Here, we define the Δδ value as the chemical shift difference between the 

in-pore and the neat electrolyte resonances (see Figure 1a). Measured Δδ values are –2.4, –3.9 and –

5.5 ppm for TiC-CDC-600, -800 and -1000, respectively, the magnitude of the Δδ value giving a 

measure of the strength of the ring currents for each carbon. Our choice to report 19F Δδ values for 

BF4
– is somewhat arbitrary, and values from 1H NMR spectra of the NEt4

+ cations reveal similar 

results, with the Δδ values being nucleus-independent to a first approximation (see Supporting 

Information). We note that the in-pore line widths also show changes with synthesis temperature, 

which likely arise from a combination of changes of in-pore ionic diffusion rates, and differences in 

the profile of adsorption sites (with different distributions of ring current shifts) between the 

carbons.45 

Here, we focus our discussion on the Δδ values, which offer information about the carbon structures. 

Our previous NICS calculations for a range of model carbon fragments showed that carbons with 

smaller pores give rise to Δδ values of greater magnitude (as the ring current effects from each pore 

wall are additive) while there is also an effect from carbon ordering, whereby carbons with larger 

domain sizes (domains of hexagonally bonded carbon in which ring currents are established) also 

give rise to Δδ values of greater magnitude.20,24 In the spectra presented here, the Δδ values increase 

in magnitude as the CDC synthesis temperature is increased, as in previous work.19,20 This increase 

occurs despite small increases in the carbon pore size, with average pore size values of 8.2, 9.1, and 

9.3 Å measured by N2 sorption for TiC-CDC-600, -800, and -1000, respectively (Figure 1b). Instead, 

this suggests that increases in the sizes of the carbon domains over which the ring currents act 

dominate the variation of the Δδ values.  

Raman spectra of these carbons (Figure 1c) show D- and G-bands typical for disordered porous 

carbons. As observed previously,12,43,44 a decrease of the D-band (a feature associated with defects or 

disorder in the carbon sheets1,39) full-width at half-maximum intensity (FWHM) is observed as the 

chlorine-treatment temperature is increased. This indicates that the carbon-carbon bonding becomes 

more uniform and less defective as the synthesis temperature is increased. 

X-ray PDFs of the carbons are consistent with hexagonally bonded sp2-hybridised carbon (Figure 

1d), with correlations extending to distances of approximately 20 Å. The loss of the correlations at 

large distances arises from disorder in the carbon sheets, with a combination of sheet-curvature and 

termination of the carbon sheets by either hydrogen atoms or functional groups likely responsible. 

The correlations extend to slightly larger distances for TiC-CDCs produced at higher temperatures, 

suggesting that the carbon sheets are larger and/or less curved. The FWHMs for the first three peaks 
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in the PDFs also show decreases with synthesis temperature, indicating increased order on a very 

local scale, consistent with the Raman spectra (see Supporting information). The correlations in the 

PDFs are well modelled by simulations on a terminated graphite crystal, with a large thermal 

parameter in the c-lattice direction to account for interlayer disorder (see Supporting information). 

This supports the theory that the carbons consist primarily of sp2-hybrised carbon sheets with 

hexagonal bonding, and also confirms the model proposed by Petkov et al.,10 that the correlations in 

the PDFs are dominated by in-plane carbon-carbon correlations, and that the different sheets (pore 

walls) are not strongly correlated with each other. Interestingly, small correlations are observed at 

~3.2 Å in the PDFs of all three carbons, which are not accounted for in the simulations based on 

hexagonally bonded carbon. In order to confirm that these correlations were not the result of 

truncation artefacts, the data were Fourier transformed over a number of Q-ranges and the peak 

position was unchanged. The observation of this correlation is consistent with the presence of seven-

membered carbon rings (see Supporting Information for more details). These are most apparent for 

samples synthesised at lower temperatures, and are expected to give rise to a higher degree of sheet 

curvature for these samples.5 

Overall, our findings suggest that local carbon-carbon bonding becomes more ordered as the chlorine 

treatment temperature is increased (Raman and PDF), while the NMR experiments point towards 

larger carbon domains in which ring currents are present. This latter finding is consistent with 

previous diamagnetic susceptibility measurements46 and quenched molecular dynamics structure 

simulations.47 It also helps to explain the improved conductivity of CDC materials synthesised at 

higher temperatures,48 with the results also mirroring those recently obtained in a study of activated 

carbon fibres.49 

2. The effects of high temperature annealing 

To further investigate the utility of the different characterisation methods, we studied TiC-CDCs 

which, after synthesis, were vacuum-annealed for one hour at 1400 °C (samples are then referred to 

as TiC-CDC-X-VAC; e.g., TiC-CDC-600-VAC). Such high temperature vacuum annealing is 

thought to increase the size of the hexagonally bonded carbon domains, remove oxygen containing 

functional groups, and in some cases cause stacking of the defective carbon sheets.14,44 Vacuum 

annealing at this temperature does not lead to a significant loss in carbon porosity and only causes 

small changes in the carbon pore size distributions, with the resulting porosity largely dependent on 

the synthesis temperature used.  
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Figure 2 Characterisation of carbide-derived carbon samples which were vacuum-annealed at a common temperature of 

1400 °C. a) 19F MAS NMR (7.1 T) spectra of TiC-CDCs soaked with NEt4BF4/dACN (1.5 M) electrolyte. b) Pore size 

distributions measured by N2 gas sorption. c) Raman spectra. d) X-ray PDFs.  

19F MAS NMR spectra of electrolyte-soaked TiC-CDC-VAC samples are shown in Figure 2a, again 

with a variation of Δδ observed with the sample chlorine-treatment temperature. In contrast to the 

effect for conventional TiC-CDCs above, here the 19F Δδ values are (i) much larger in magnitude, 

and (ii) show decreases in magnitude from –11.6, to –11.1, to –9.7 ppm, for TiC-CDC-400-VAC, 

600-VAC, and 800-VAC, respectively, with very similar behaviour observed in 1H NMR spectra of 

the NEt4 cations (see Supporting Information). This indicates that (i) the aromatic domains are much 

larger here, and (ii) the variation of carbon pore size (Figure 2b) may be the dominant source of the 

observed variation of the Δδ values within the TiC-CDC-VAC series.  

The Raman spectra are almost identical for the three carbons (Figure 2c), suggesting that the carbon-

carbon bonding is very similar for these materials that were vacuum annealed at a common 

temperature of 1400 °C. X-ray PDFs (Figure 2d) of TiC-CDC-800-VAC and TiC-CDC-600-VAC are 
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also very similar, however, the PDF of TiC-CDC-400-VAC is very different, with a more rapid 

decay of the C-C correlations. Small shifts of the first few correlations are also observed for this 

carbon, with the first three correlations at 1.46, 2.44, and 2.86 Å, compared to 1.43, 2.46, and 2.86 Å 

for the rest of the carbons studied in this work. The marked differences between the PDFs and the 

Raman spectra suggest that while the bond vibrations in these carbons are very similar, there are 

some significant differences in the local chemical structure. These differences may arise from a high 

degree of curvature in the carbon sheets of the TiC-CDC-400-VAC material, which was chlorine 

treated at a low temperature of 400 °C. That said, none of the vacuum annealed carbons show clear 

correlations for 7-membered carbon rings at ~3.2 Å, as were observed for normal TiC-CDCs. 

Importantly, these findings show that Raman spectroscopy alone is insufficient to characterize the 

structures of carbon materials. We note that the X-ray powder (Bragg) diffraction patterns of these 

carbons (and the non-annealed carbons) are all very similar, suggesting that there are no significant 

differences arising from any crystallinity in these samples (see Supporting Information). 

From the Raman spectra and PDFs, we may conclude that the local bonding and chemical structures 

are similar for TiC-CDC-800-VAC and TiC-CDC-600-VAC. The differences in the Δδ values 

measured by NMR then must arise from differences in the carbon porosity, with the larger number of 

pores bigger than 1 nm diameter in TiC-CDC-800-VAC giving rise to a Δδ value of smaller 

magnitude. Such pore size effects have previously been predicted theoretically,18,20,23,24 and have also 

been observed experimentally. For example, Borchardt et al. observed pore size effects in 

experiments on mesoporous and microporous carbons,19 while Anderson et al. also observed a pore 

size effect in microporous carbons.18 Comparing TiC-CDC-400-VAC to the other annealed carbons, 

here the Δδ value has the largest magnitude of all. While this is consistent with the measured pore 

size distribution of this carbon, which shows it to have the smallest pores, it is unclear whether the 

structural differences revealed by the PDFs also have an effect on the Δδ value. 
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Figure 3 a) 19F MAS NMR (7.1 T) spectra of TiC-CDC-800 and TiC-CDC-600-VAC soaked with NEt4BF4/dACN (1.5 

M) electrolyte. Dashed vertical lines show the positions of the in-pore resonances. b) Pore size distributions, c) Raman 

spectra and d) X-ray PDFs. In e) to h) analogous data is shown for TiC-CDC-1000 and TiC-CDC-800-VAC. Structural 

ordering in the carbon has a dramatic effect on the chemical shifts observed for in-pore ions. 

To further investigate the effects of vacuum annealing on the carbon structures in the absence of pore 

size effects, we compared experimental data for TiC-CDC and TiC-CDC-VAC samples with similar 
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pore size distributions (Figure 3). For TiC-CDC-800 and TiC-CDC-600-VAC, the NMR spectra are 

remarkably different despite the similar pore size distributions of the two carbons (Figure 3a,b). The 

Δδ value is significantly larger for the vacuum-annealed carbon than the non-annealed carbon, with 

respective values of –11.1 and –3.9 ppm. Given the similar pore size distributions of these carbons, 

the increases of Δδ here must arise from increases in the sizes of carbon domains in which ring 

currents are present. This may originate from a combination of the formation of larger hexagonally 

bonded carbon domains, the annealing of defects and the removal of functional groups. The Raman 

spectra of these carbons also show significant differences and indicate that the carbon-carbon 

bonding in TiC-CDC-600-VAC is more uniform than in TiC-CDC-800, with the D-band FWHM 

smaller for the former (Figure 3c). The X-ray PDFs also reveal differences, with the PDF of the TiC-

CDC-600-VAC sample showing C-C correlations to slightly longer distances (~20-25 Å) than the 

PDF of the TiC-CDC-800 sample (~15-20 Å). Vacuum annealing also appears to have removed some 

of the 7-membered rings from the structure, with a clear loss of intensity of the small correlation at 

~3.2 Å observed for the annealed sample. The findings from the PDFs are consistent with the 

observations from NMR, the results together pointing towards the presence of larger hexagonally 

bonded carbon domains in the vacuum annealed carbon, while the Raman spectroscopy data also 

points toward more uniform carbon-carbon bonding in this material. 

NMR experiments for a second pair of carbons (Figure 3e), again with similar pore size distributions, 

(Figure 3f) also show a larger Δδ value for the annealed sample (–9.7 ppm) than the non-annealed 

sample (–5.5 ppm). Again, this difference arises from an increase in the size of the carbon domains in 

which ring currents are set up in the applied magnetic field. The difference in Δδ values for these two 

samples is smaller than the corresponding difference for TiC-CDC-800 and TiC-CDC-600-VAC, 

suggesting that the differences between the two samples are smaller in this case. The differences in 

the Raman spectra and X-ray PDFs are also much less pronounced for these two samples, with the 

Raman spectra nearly identical, with a slightly broader D-band for TiC-CDC-1000. These findings 

(Raman and PDF) suggest that the connectivity and bonding of carbon atoms in these materials is on 

the whole very similar, yet there are differences in the local electronic structure, manifested in 

different ring current effects (NMR). This may arise from the presence of more functional groups in 

the TiC-CDC-1000 sample, which may disrupt the conjugated π system of the carbon.49 Recently, Xu 

et al. conducted a 1H NMR study of the adsorption of water in two mesoporous carbons with similar 

pore size distributions.22 Their observation of larger ring current shifts for the carbon prepared at 

higher temperature reflects the effects observed here, again indicating increases in the size of the 

carbon domains in which ring currents are present. It is apparent that the maximum heat treatment 

temperature of the carbon is a key parameter in determining different structural features in porous 

carbons. 
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3. Modelling the carbon domain sizes with NMR and lattice simulations 

To explore the relationship between Δδ values 

and carbon structure further, values are plotted 

against the maximum heat treatment 

temperature used in the synthesis of each 

sample in Figure 4a. As this temperature is 

increased, there is a general increase in the 

magnitude of the Δδ value, reflecting increases 

in the sizes of the carbon domains in which 

ring currents are established. For the vacuum 

annealed carbons (1400 °C), the effects of 

porosity appear dominant, though this is a 

minor effect compared to increased carbon 

ordering for the range of carbons studied here. 

The evolution of the carbon domain size with 

maximum heat treatment temperature was then 

investigated by simulating Δδ values for model 

carbon structures. In our lattice-type model,24 

slit-pores are constructed from discrete sp2-

hybridised carbon fragments from the 

coronene family (Figure 4b). This structural 

model has the benefits of being 

computationally easy to handle, while 

satisfying the key requirement of consisting of 

sp2-hybridised carbon with a nanoporous 

structure. In the model, a distribution of slit-

pores with different pore sizes are studied, 

such that the modelled pore size distribution 

exactly matches that obtained from the 

experimental N2 sorption isotherm. The in-

pore adsorption energies are defined using 

previous molecular dynamics simulation 

results,50 and the variation of the chemical shift 

with pore size follows from calculated NICS 

Figure 4 (a) Summary of Δδ 19F values measured in this 
work. (b) Schematic of structures used in lattice model 
simulations of Δδ values. (c) Simulated and experimental Δδ 
values. For each carbon, three different simulated Δδ values 
are shown, corresponding to values computed with models 
employing coronenes of different sizes. The colour coding 
of the data points in (c) for the different carbons is given in 
(a). 
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values20 (see Supporting Information for more details).  

The Δδ values were simulated for each carbon material (with its measured pore size distribution), 

with three separate simulations carried out for three coronenes with different sizes (Figure 4b). These 

different coronenes represent different characteristic domain sizes in the carbon (Figure 4c). We then 

compare the experimental Δδ values to the different simulated values to assess the sizes of the ring 

current domains in each carbon (with the pore size effects already accounted for in the simulations). 

According to our model, the effective average domain size of TiC-CDC-600 is somewhat less than 

that of coronene (7.5 Å diameter). For TiC-CDC-800, the domain size is similar to that of coronene, 

while for TiC-CDC-1000 the domain size is intermediate between that of coronene (7.5 Å diameter) 

and circumcoronene (12.4 Å diameter). Following vacuum annealing, the Δδ values are best 

modelled by the dicircumcoronene (17.3 Å diameter) slit-pores (Figure 4c), with all carbons having a 

very similar characteristic coherence length. For the dicircumcoronene model, the simulated Δδ 

values are –11.5, –11.4 and –10.7 ppm, for TiC-CDC-400-VAC, -600-VAC and -800-VAC, 

respectively, comparing reasonably well to the experimental values of –11.6, –11.1 and –9.7 ppm. 

This supports the idea that the variations of the Δδ values for these vacuum-annealed carbons are 

dominated by the differences in the pore size distributions. Of note, the magnitude of the Δδ value is 

smaller for TiC-CDC-800-VAC than TiC-CDC-600-VAC in both the experiments and the 

simulations, despite TiC-CDC-800-VAC exhibiting its maximum in the pore distribution at 0.9 nm, 

compared to 1.0 nm for TiC-CDC-600-VAC (Figure 2b). This is because TiC-CDC-800-VAC has a 

significant number of pores with sizes between 1.0 and 2.0 nm (Figure 2b), which significantly 

reduce the magnitude of the Δδ value due to the strong pore-size dependence of the ring current 

shifts.20 

The estimated ring current domain sizes here are similar to the length scales over which the carbon-

carbon coherences decay in the X-ray PDFs (typically between 15-25 Å), though the variations of the 

ring current domains extracted from the NMR measurements seem more marked. This suggests that 

the variations of the local electronic structure of the carbon with maximum heat treatment 

temperature are more significant than the structural changes detected by the PDF. This may be due to 

variations in the numbers of defects, such as vacancies or functional groups, that will have a large 

effect on the electronic structure of the carbon, disrupting the carbon ring currents. 

We note that the results presented in Figure 4c correspond to simulations using the isotropic chemical 

shift values calculated along a line perpendicular to the carbon planes and passing through the centre 

of the coronenes (Figure 4b), and the adsorption profiles of BF4
– anions in an organic electrolyte 

(BMIBF4 in ACN, 1.5 M). The lateral dependence of the NICS and the influence of the adsorption 
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profiles were investigated and were shown to lead to a small overall shift of all the Δδ values without 

changing the overall trends (see Supporting Information). 

4. Characterising activated carbons 

 

Figure 5 (a) Simulated and experimental Δδ values for YP50F and YP80F activated carbons. For each carbon, three 

different simulated Δδ values are shown, corresponding to values computed with models employing coronenes of 

different sizes. (b) X-ray PDFs, (c) Raman spectra and (d) pore size distributions of the carbons.  

Our NMR approach can be used to characterise the structures of other porous carbon materials 

beyond CDCs. As was done above for the CDC materials, first the Δδ value and the carbon pore size 

distributions were measured experimentally, and then Δδ values were simulated for different carbon 

domain sizes. Experimental and simulated Δδ values for two commercial coconut shell-derived 

activated carbons, YP50F and YP80F (Kuraray, Japan) are shown in Figure 5a (NMR spectra are 

shown in the Supporting Information). Comparison of the experimental and simulated Δδ values 

indicates that the sizes of the carbon domains is similar for these carbons, with sizes intermediate 

between that of coronene (12.4 Å) and circumcoronene (17.8 Å), as with TiC-CDC-1000. For 

YP80F, the experimental data point is closer to the value simulated in the circumcoronene model 

than for YP50F, suggesting that YP80F has slightly larger domains. PDFs of these carbons (Figure 

5b) are almost identical, further supporting the idea that the different carbon sheets (pore walls) are 

not strongly correlated with each other, while the Raman spectra (Figure 5c) show some small 

differences, indicating that the carbon-carbon bonding is slightly more uniform in YP80F. It is 

interesting that the local chemical and electronic structures of these carbons are similar despite 

significant differences in the pore size distributions (Figure 5d).  
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Overall, our findings in Figure 5 highlight how the NMR approach offers a new way to probe 

structural ordering in porous carbons, and can provide information that is complementary to Raman 

and PDF studies. Our slit-pore based model structures with discrete carbon fragments are a first step 

towards modelling the ring current shifts in realistic carbon structures. More accurate structural 

models will be used in future studies, to take into account the connectivity of carbon fragments and 

curvature in the sheets. Moreover, the small differences in the measured Δδ values for nuclei in 

different ions will be investigated such that accurate structural information can be extracted from the 

NMR spectra.  

Conclusions 
NMR spectroscopy and PDF analysis techniques offer new insights into the structures of porous 

carbon materials, complementing the more conventional Raman spectroscopy method. PDF analysis 

is a powerful probe of the local carbon structure, and reveals a prevalence of sp2-hybridised 

hexagonal carbon rings, as well as the presence of seven-membered carbon rings for TiC-CDCs 

prepared at low temperatures. Disorder in the carbon-carbon bonds can also be probed by the 

FWHMs of the correlations, showing good agreement with the interpretations of the Raman spectra.  

In the NMR experiments, the differences between the in-pore and neat electrolyte chemical shifts are 

sensitive to the carbon pore size distribution (larger pores, smaller shift differences) and the sizes of 

the carbon domains in which the ring currents act (larger domains, larger shift differences), with the 

observed shift dominated by the domain size effect for the series of carbons studied here. By carrying 

out lattice simulations, the effects of the different pore size distributions can be accounted for, and 

the sizes of the ring current domains can be estimated. This approach represents a promising new 

way to characterize the local structure of porous carbon materials. 

As the chlorine treatment temperature is raised from 600 to 1000 °C for TiC-CDCs, the carbon-

carbon bonding becomes more ordered, with less curved structures, and larger carbon domains in 

which ring currents act (on application of a magnetic field). Here, the NMR approach suggests that 

the sizes of the carbon domains increase significantly as the chlorine-treatment temperature is 

increased, while the correlations in the PDF show a less significant variation, with the correlations 

extending to ~ 20 Å in each case. Vacuum annealing at 1400 °C increases the uniformity of the local 

chemical bonding of the carbons, while further increasing the size of the carbon domains in which 

ring currents act. However, depending on the original chlorine treatment temperature, subtle 

differences in the carbon structures remain, hypothesised to arise from curvature effects. Overall, our 

study begins to disentangle the complexity of the structures of porous carbons and offers new 

approaches to probe local order. 
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Experimental details 

1. Carbon synthesis 

Full details of the syntheses of TiC-CDC powder can be found elsewhere.33 Briefly, TiC was heated 

at the desired temperature (600, 800, or 1000 °C) in dry chlorine gas for 3 h. The sample was then 

held at 600°C in hydrogen gas for 2 h to remove chlorine and chloride residues. Samples treated in 

chlorine gas at a temperature X °C (e.g., 600 °C) are referred to as TiC-CDC-X (e.g., TiC-CDC-600).  

Vacuum treatment of the CDC samples was carried out in a water-cooled Thermal Technology 

(USA) furnace system (Model 1100-3580-W1) employing tungsten heaters and a pressure of 10–4 to 

10–5 mbar. Sample material was placed in graphite ingots and the heating and cooling rates were 10 

°C·min–1. The heating process first employed a holding period of 2 h at 200 °C to remove adsorbed 

water and a final high-temperature annealing step at 1400 °C for 1 h. 

YP50F and YP80F activated carbon powders were obtained from Kuraray (Japan) and were used 

without further treatment.  

Free-standing carbon films were fabricated using the standard method for preparing film electrodes, 

by mixing carbon powder (95 wt.%) and polytetrafluoroethylene (PTFE) binder (5 wt.%) in ethanol, 

as described in more detail elsewhere.33  

2. NMR experiments 

Pieces of carbon film (~6 mg) were cut out and dried for at least 15 h at 200 °C in vacuo before being 

transferred to an argon glove box. These were packed into 2.5 mm outer-diameter zirconia magic 

angle spinning (MAS) rotors, to which ~4 µL of tetraethylammonium tetrafluoroborate, NEt4BF4, (≥ 

99.0 %, Sigma Aldrich) 1.5 M in deuterated acetonitrile, D3CCN, (99.80 %, Eurisotop, referred to as 

dACN here) was added using a micro-syringe.  

NMR experiments were performed using a Bruker Avance spectrometer operating at a magnetic field 

strength of 7.1 T, corresponding to a 1H Larmor frequency of 300.2 MHz. A Bruker 2.5 mm double 

resonance MAS probe was used. All NMR experiments used spin-echo sequences with 5 kHz MAS 

and a single rotor period (200 µs) was used for the echo delay. 19F NMR spectra were referenced 

relative to neat hexafluorobenzene (C6F6) at −164.9 ppm, while 1H NMR spectra were referenced 

relative to tetramethylsilane using the CH3 resonance of liquid ethanol at 1.2 ppm as a secondary 

reference. Radiofrequency strengths of 100 and 109 kHz were used for 1H and 19F experiments, 

respectively, on vacuum annealed carbons, while powers of 98 and 82 kHz were used on non-

annealed samples.  
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3. Nitrogen sorption analysis 

Nitrogen sorption analysis was carried out using Quantachrome Instruments (USA) Autosorb system 

at -196 °C. Pore size distributions (PSDs) were determined using the quenched solid density 

functional theory (QSDFT) method37 on the desorption branch of the isotherms. All samples were 

predominantly microporous with a small volume fraction of the total pore volume associated with 

pores larger than 2 nm. The cut-off of the nitrogen gas sorption analysis is around 30 nm so that no 

inter-particle pores between the CDC grains are considered. Nitrogen sorption isotherms are shown 

in the Supporting Information.  

4. Raman spectroscopy 

Raman spectra were measured using a Renishaw inVia Raman system equipped with an Nd-YAG 

laser and an excitation wavelength of 532 nm with power of 0.2 mW at the focal point focused on a 

spot of ca. 2 µm diameter. A grating with 2400 lines/mm and a 50x objective (numeric aperture: 0.9) 

were used, yielding a spectral resolution of 1.2 cm-1. Raman peak fitting was accomplished assuming 

two Lorentzian peaks, one for the D-mode and one for the G-mode, respectively (see Supporting 

Information for full results).  

5. Pair distribution function analysis 

Total-scattering data were collected at beamline 11-ID-B at the Advanced Photon Source, Argonne 

National Laboratory using an X-ray energy of 86 keV and a large area amorphous silicon detector 

(Perkin-Elmer).  Samples were packed in 0.0395 inch inner diameter Kapton capillaries (Cole-

Parmer).  Scattering images were reduced to one-dimensional data using FIT2D,51 using CeO2 as a 

calibration standard.  The data were corrected for background scattering, Compton scattering and 

detector effects, and Fourier Transformed (using a Qmax of 24 Å–1) using PDFGetX2.52 Simulations 

of the PDF were performed using PDFGui.  Peak fitting was performed in Fityk,53 using Gaussian 

peaks. 

6. Lattice simulations of NMR chemical shifts 

Full details of the lattice simulations used to simulate Δδ values are given in the Supporting 

Information. 

 

Supporting Information Available:  

Gas sorption isotherms, 1H NMR spectra, FWHMs from PDFs, PDF simulation, evidence for 7-

membered carbon rings, fitted Raman parameters, X-ray diffraction patterns, details of lattice 



	   17	  

simulations, and NMR spectra for YP50F and YP80F. This material is available free of charge via 

the Internet at http://pubs.acs.org 
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