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The Supporting Information contains details on: 1) HTC synthesis, 2) XRD, 3) fitted Raman
spectra, 4) an alternative Raman fitting procedure, 5) ESR line shape analysis, 6) ESR spectra
obtained under vacuum conditions to exclude the effect of adsorbed oxygen on the HTC signal, 7)
supplemental SEM micrographs of native and milled char, 8) data on HTC bond energies.

1. HTC Synthesis
Figure SI-1 contains photographs of the HTC synthesis process, including: the PTFE-lined reactor;

HTC filtration and filtrate; recovered HTC; and dried HTC.

plydrothermal cha

Figure SI-1. Photographs of HTC synthesis, filtration, recovery, and dried product.
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2. Detailed DRIFTS C-H Fitting

The main text briefly summarizes results obtained from fitting the C-H stretch region of HTC

DRIFTS spectra. Figure SI-2 provides greater detail, showing in parts (a)-(e) the baseline-
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Figure SI-2. Fitting details of the C-H stretch region of the HTC DRIFTS spectra: a) synthesized
HTC; b) HTC milled for 30 min; ¢) 60 min; d) 90 min; ¢) 120 min; f) summed intensity of the
2870 (CH; sym), 2930 (CH, asym), and 2960 (CH;3 asym) cm! peaks, CH; (asym) to CH, (asym)

ratio, and CHj3 (sym) to CH, (sym) ratios plotted as functions of mill time.

corrected fits for DRIFTS spectra obtained for synthesized HTC and HTC milled for 30, 60, 90,
and 120 min. In all cases, the spectra were fit with 3 Gaussians centered at 2870, 2930, and 2960
cm’'. We select these positions based on comparison of the HTC DRIFTS spectra with the IR
spectra for asphaltene, soot, and carbon black reported by Russo et al.! In comparison, our spectra
resemble most closely those of asphaltene, largely on the basis of the minor contribution of the
aromatic C-H stretch to both the HTC and asphaltene spectra. Accordingly, we used the the
asphaltene assignments of Russo et al.! as a starting point for HTC fitting.

Because of differences in the IR methods, the HTC DRIFTS spectra shown in Figure SI-2

have lower resolution and a less well-behaved baseline compared to the Russo et al. ! IR spectra,

thus requiring some modifications to the fitting procedure. Hence, while Russo et al. ! use 6
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Gaussians to fit the C-H stretch region, we opted to use only 3 to describe the symmetric CHj
stretch at 2870 cm™!, the asymmetric CH, stretch at 2930 cm!, and the asymmetric CHj stretch at
2960 cm!'. The symmetric CH, stretch that Russo et al.! observed for asphaltene at 2848 cm’!, the
aromatic C-H stretch at 3041 cm’!, and the C-H stretch observed at 2896 cm™! were not included
in the HTC fits. Of these, the symmetric CH, stretch and the aromatic C-H stretch were likely
obscured by the baseline, the latter primarily by the pronounced O-H stretch present in HTC but
completely absent in asphaltene. The absence of the C-H band, which lies in the middle of the
C-H region and is therefore not as prone to be obscured by baseline correction as the symmetric
CH, stretch or the aromatic C-H stretch, suggests that this carbon form is not a major species in
the HTC. Accordingly, adding the C-H stretch to the fit did not improve the goodness of fit.
Additionally, we found that the asymmetric CH; stretch was better described by a Gaussian
centered at 2960 cm! instead of the 2853 cm! recommended by Russo et al.! for asphaltene.
Instead, we use the position that Russo et al.! recommend for a standard aromatic species; given
that the CH; assignments suggested by Russo et al.! vary by approximately 14 cm!' (2962 cm™! for
an aromatic species to 2948 cm! for soot), the 7 cm! shift used here is not unreasonable.

The 3-peak fit to the DRIFTS spectra are shown in Figure SI-2 in direct comparison with
the raw data. In all cases, we fixed the peak positions (at 2870, 2930, and 2960 cm’!, respectively)
and regressed only the peak heights and widths. Regression parameters (72 and y?) are shown in
each spectrum. Overall, 7 is always greater than 0.95 and y? less than 5.1, suggesting that
reasonably good fits were obtained. We note that superior fits could be obtained by including the
peak positions in the regression analysis, but decided that a consistent physical interpretation was

more important than residual minimization.
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Figure SI-2f contains plots of various DRIFTS-extracted data as functions of milling time:
1) the total sum of the peak areas of the 3 peaks, 2) the area ratio of asymmetric CH; peak to the
asymmetric CH, peak, 3) the area ratio of the symmetric CH; peak to the asymmetric CH, peak.
Error bars are estimated based on duplicate data and goodness of fit parameters. The trends for all
three C-H stretches are similar, all passing through a maximum at 60 min of milling. For
subsequent times (90 and 120 min), all 3 decrease to values similar to or less than their originals.
From this, we conclude that CH species are lost during milling (hence the decrease in the total
integrated area of the C-H stretch) and that preferentially CH, species are lost compared to CHj.
The preferential disappearance of the CH, species compared to CH; may suggest that CH, is
initially present largely as a bridging carbon between adjacent aromatic rings, resulting in a weak
C-C bond that can be readily cleaved.? In any event, Figure SI-2 provides further evidence of
mechanochemical modification of the HTC that further augments the Raman and ATR-IR data
presented in the main text.
3. XRD
The synthesized HTC and milled HTC were analyzed using XRD. Figure SI-2 contains the results.
In all cases, XRD patterns of the carbon catalysts exhibited two broad peaks at 20 = 24 and 42°
(Figure SI-2). Babu and Seehra? attributed these diffraction peaks to the (0 0 2) and (1 0 0) or (1
0 1) planes of graphite crystallites, respectively. The XRD pattern did not change noticeably in

any of the samples, indicating that ball milling resulted in no change of the long-range crystallinity.
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Figure SI-3. X-ray diffraction patterns of the as-prepared HTC and after balling for 60 and 120

minutes.

4. Fitted Raman Spectra: The G, D1, D2, D3, and D4 Fitting Procedure

In the text, we provided representative Raman spectra obtained for the synthesized HTC and HTC
that had been milled for 200 min. Figure SI-4 reproduces these spectra and provides spectra
obtained for HTC samples milled for 30, 60, 90, 120, and 300 min. In all cases, the residual is less
than 0.1% in the range from 1100 to 1700 cm™!. Only in the “wings” (i.e. less than 1100 cm™! and

greater than 1700 cm™!) does the residual become larger than 1%.
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Figure SI-4. Representative Raman spectra and fits 4 for: a) synthesized HTC, b) 30 min milling,

¢) 60 min milling, d) 90 min milling, €) 120 min milling, f) 200 min milling, g) 300 min milling.

5. Alternative Raman Fitting Procedure
In the main text, we presented the Raman spectra fitting procedure articulated by Sadezky et al.*
based on previous experiments on various carbon materials.>>® More recently, the Sadezky et al.*

assignments have been extended to many different carbon types.””# Based on its high level of
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literature acceptance, we consider the Sadezky et al.* assignment scheme to be the most robust
available for disordered carbon materials. In addition, we examined an alternative scheme
suggested by Li et al.? for brown coals, and only partially applied to HTC.!® We summarize these
assignments in Table SI-1. Although the Li et al.® assignments have not been extended to carbons
other than brown coal; their assignments were based on a careful review of the relevant literature
and supported by additional spectroscopic characterization of model compounds. Moreover, the
Li et al.” assignments provide a much more detailed molecular perspective than the Sadezky et al.#
scheme. These combined considerations motivated our application of the Table SI-1 assignments
to the HTC spectra. As we summarize here, the conclusions that we draw based on the Li et al.”
assignments are broadly consistent with those described in the text from the Sadezky et al.#
approach. However, likely due to the larger number of fitted peaks (9 compared to 5) in the Li et
al.” scheme it results in trends with greater uncertainties than obtained using the Sadezky et al.#
method. Hence, we provide the results of the Sadezky et al.# assignments in the main text and the

Li et al.” assignments in the Supporting Information.
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Table SI-1: Raman band assignments for HTC materials (adapted from Li et al.).

Band Label Position (cm!)  Assignment Structure
GL(R) 1700 Carbonyl group ~ e o)
G 1590 Aromatic ring quadrant
breathing, alkene C=C
Gr 1540 Aromatic chains with <6 OOO
rings "
Vo 1465 Methylene &  methyl
groups, amorphous carbon =~ _CH> _CH,
structures
Vg 1380 Methyl group, amorphous
_CHg
carbon structures
D 1300 Aromatic chains with 6 or OO‘
more rings “O
S1L(R) 1230 Aryl-alkyl ether ©/0 -
S 1185 C-C bonds between alkyl gz
and aryl structures ©/ ©
Sk (R) 1060 Substituted benzene ring

(R) denotes residual peak fits.
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Li et al. ? fit the bands from an amorphous, brown-coal carbon Raman spectrum to 9 distinct
molecular structures (labeled G, Gg, Vg, Vi, D, S, Sk, and Gp) based on the vibrational
spectroscopy literature. Figure SI-5 shows a representative Raman spectrum of HTC milled for
60 minutes, showing the raw data, the best-fit curves, and sum of the fit curves. The Li et al.’
assignments provide a visibly good fit to the available data, with adjustments made only to the

band intensities and widths, but not the peak locations.
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Figure SI-5. Peak fitting of Raman spectrum of a HTC ball-milled for 60 minutes using the
assignments recommended by Li et al.® Peaks described in Table SI-1 are labeled, with the

exception of residual peaks for G, S;, Sg.

Tracking the relative ratios of these bands provides a method for following the molecular
changes that occur during HTC milling. Following the recommendation of Li et al.,” we calculated
the ratio of the S/G, D/(Gg+V_+VR) and D/Gy from spectra obtained at each milling time. The
S/G ratio reflects the relative intensity of bridge-head carbons compared to aromatic breathing

modes; the D/(Gr+V +Vy) ratio is related to the relative concentration of larger aromatic
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structures containing more than 6 rings to several common defects; and the D/Gg ratio is related
to the relative contributions of larger aromatic structures containing 6 or more rings to smaller
aromatic structures containing 5 or fewer rings. The band intensity ratios were plotted against
milling time as shown in Figure SI-6 shows a decrease in the S/Gy ratio with ball-milling time,
indicating a decrease in alkyl branches in general, and specifically in bridge-head carbons, over
time. Likewise, the D/Gg ratio increases over time, consistent with a relative increase of larger

aromatic structures compared to smaller ones.
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Figure SI-6. Raman peak fit ratios: bottom S/Gg; middle D/Gg; top D/(Gr+Vi+Vr).

The observed S/G and D/Gg ratios suggest that ball milling breaks bridge-head carbon
bonds (which are among the weakest carbon-carbon bonds present in the material based on binding
energies!') with a subsequent shift from smaller aromatic structures to larger ones. Further
evidence is provided by a deeper analysis of the Raman spectra. Previous studies have shown that
structures with less than 6 aromatic rings in a chain do not influence the D band, but instead are

seen in the Gr band at 1640 cm™ These smaller aromatic structures are typically present in
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amorphous carbon along with methyl and methylene groups (V. and Vg bands) that join different
aromatic ring chains into clusters. Li et al.” and other studies'? have used the ratio D/(Gg+V+VR)
as a measure of the concentration of small, highly amorphous short chain clusters relative to those
contained in more structured 6+ aromatic ring structures shown by the D band. Figure SI-6 shows
that the D/(Gr+V+Vy) ratio has noticeably increased after 5 hours of ball-milling, indicating an
increase in the amount of larger, 6+ aromatic ring structures in the sample relative to the small,
amorphous clusters.

The transition between more amorphous short aromatic chains into larger, more locally
organized >6 ring chains can be more clearly observed by comparing the D and Gy ratios. The
transient response of D/(Gr+V+VR) ratio in Figure SI-6 a suggests that the D/Gg ratio should also
increase with milling time. Figure SI-6¢ shows that indeed the D/Gg ratio increases with milling
time, consistent with the hypothesis that ball milling gradually results in formation of more highly
ordered aromatic domains over time. The gradual increase in aromatic order that we observe
during ball milling is broadly consistent with the study of carbon heat treating reported by Bernarda
et al.® Specifically, Bernarda et al.® used Raman and C-XANES spectroscopies to show that
increasing heat treatment temperatures (up to >1000 °C) of a saccharose-based char material
resulted in formation of localized, highly planar aromatic sub-domains within an otherwise
amorphous structure. In our work, the intense, localized temperatures associated with ball milling
impacts seem to be playing a similar role to the general thermal treatments used by Bernarda et
al.®

To summarize, the Sadezky et al.# fitting scheme presented in the main text indicates that
the HTC becomes more highly graphitic during ball milling and that a major contribution is the

sequential formation and loss of graphene edges accompanied by an increase in graphene sheets.
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The Li et al. ° fitting scheme adds to this description by suggesting that primarily the weak bonds
of aliphatic side chains and bridgehead carbon-carbon bonds break during ball milling, and that
aromatic clusters consisting of <5 rings disappear with ball milling to be replaced by aromatic
structures consisting of >6 rings. In sum, the main elements of the two fitting procedures* ° are
broadly consistent with one another; the Li et al. ? fitting provides additional molecular level detail,
at a significant expense of robustness as indicated by the substantially larger error bars shown in
Figure SI-5 compared to those in Figure 6 in the text. Reconciling the molecular detail with a
more robust fitting procedure is an active area of research in our group.
5. ESR Lineshape Analysis

ESR line shapes were fit using the Bruker Simfonia software assuming a single isotropic signal.
A representative fit is shown in Figure SI-7 showing a much closer fit to a Lorentzian line shape
than to a Gaussian line shape. Although the spectra all have nearly isotropic lineshapes that are
best described as primarily Lorentzian, the lineshape did change with milling time. Specifically,
spectra of unmilled HTC had a lineshape midway between Gaussian and Lorentzian while spectra
of HTC milled for 120 minutes or longer had a more closely Lorentzian lineshape. HTC milled
for less than 120 minutes had less symmetric spectra, which could be approximately simulated by
a Lorentzian line with an anisotropic linewidth. The lack of resolution of the spectra means that a
quantitative line shape analysis is not possible, but the evolution of the linewidth with increasing
milling time indicates differences in the radical species that are present, with a significant change
occurring after about 90 minutes of milling. High frequency (W-band) ESR analysis might be able

to resolve these changes.!3
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Figure SI-7. Example of ESR lineshape simulation; solid line (black): experimental spectrum for
HTC milled for 30 min; dotted line (red): Gaussian lineshape fit with a 5G linewidth; dashed line

(blue): Lorentzian lineshape fit with a 5G linewidth.

Cryogenic ESR measurements failed to improve resolution and in fact led to an increase in
peak-to-peak linewidth (for example of a 90-min milled sample from 5.8G at 295K to 7.1G at
140K; increasing the temperature to 315K decreased the linewidth to 4.7G). These changes
suggest that that there are temperature-dependent changes in the mobility of at least some of the
radicals rather than in relaxation rates (which would lead to decreased linewidths at lower
temperatures), and we propose that at low temperature the signals become more anisotropic and

broader due to loss of averaging of the g and nuclear hyperfine tensors.!# 13
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6. Influence of Bound Oxygen on ESR Spectra of HTC

ESR is sensitive to the presence of radicals. Oxygen, having two unpaired electrons, gives rise
to broad ESR absorbance but at a magnetic field near 10,000 G at X-band, well-separated from the
narrow g~2 signals observed for carbon-centered radicals.!¢ Thus oxygen does not contribute to
the observed EPR signals. However, oxygen can react with organic radicals reducing their
concentrations. For this reason, we obtained ESR spectra of representative HTC samples both
under air atmosphere and under vacuum to eliminate the effects of oxygen on the formation and
decay of the observed radicals.!” Samples stored under vacuum immediately after milling showed
no statistically significant change in ESR signal intensity in the short term and no change in
spectral resolution or g value. This indicates that oxygen does not cause line broadening or a
significant amount of radical recombination after the sample is milled. We therefore conclude that
the ESR data presented in the main text are not artificially inflated due to the adsorption of oxygen
to the milled HTC surfaces. An in situ ESR measurement was beyond the scope of the present
study and we did not attempt to mill under an oxygen-free environment (e.g., in a vessel filled with
N, or Ar gas instead of air).
7. Supplemental SEM Micrographs
Figure 1 in the main text provides representative SEM micrographs for synthesized and milled
HTC. Figures SI-8 through SI-12 provide additional SEM micrographs to support the statement
in the main text that milling first induces HTC microsphere agglomeration and — at slightly longer

time scales — conversion of spherical HTC particles into plate-like particles.
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Figure SI-9. SEM micrographs obtained for HTC milled for 30 min. Scale bars provided in

figure.

Figure SI-10. SEM micrographs obtained for HTC milled for 60 min. Scale bars provided in

figure.
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Figure SI-11. . Scale bars provided in

figure.

Figure SI-12. SEM micrographs obtained for HTC milled for 200 min. Scale bars provided in
figure.

7. Characteristic Bond Energies in HTC

In the text, we present bond energy data for several characteristic bonds thought to be present in

HTC. In Table SI-2, we provide a more thorough summary of bond energy data.
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Bond Energy Source
(kJ/mol)

C-C 347 Carruth and Ehrlich'®
C-O0 358 Carruth and Ehrlich 18
(C)Ar-(C)Ar | 372.5 Fliszar!?
biphenyl
(O)Ar-H 466 Fliszar!®
benzene
C6H5-OH | 463.6 Handbook of Chemistry and Physics?’
C6H5- 418.8 Handbook of Chemistry and Physics?®
OCH3
C6H5-CH3 | 426.8 Handbook of Chemistry and Physics?°
C6H5-H 465.9 Handbook of Chemistry and Physics??
C6H5- 429.7 Handbook of Chemistry and Physics?’
COOH
C6H5- 326.8 Handbook of Chemistry and Physics?°
OC6HS5
C6HS5-C6HS5 | 478.6 Handbook of Chemistry and Physics?’
C6H5- 406.7 Handbook of Chemistry and Physics?°
COCH3
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