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A B S T R A C T

The molecular structure of hydrochars produced from 13C-enriched glucose under various conditions has been
elucidated based on advanced one- and two-dimensional (2D) 1H-13C and 13C–

13C solid-state nuclear magnetic
resonance (NMR) with spectral editing. Regardless of synthesis conditions, hydrochars consist mostly of oxygen-
substituted arene rings (including diphenols) and furans connected by alkyl linkers rich in ketones. Cross-linking
nonprotonated and methyne (C-H) alkyl carbons have been identified through spectrally edited 2D NMR.
Alkenes and ‘quaternary’ C-O are observed only at low synthesis temperature, while some clusters of fused arene
rings are generated at high temperature. Hydrochar composition is nearly independent of reaction time in the
range from 1 to 5 h. Equilibration of 13C magnetization within 1 s shows that the materials are homogeneous on
the 5-nm scale, refuting core–shell models of hydrochar microspheres. While furan C-O carbons bonded to alkyl
groups or ketones show distinctive cross peaks in 2D NMR, phenolic C-OH is observed unambiguously by hy-
droxyl-proton selection. While methylene-linked furan rings are fairly common, the signal previously assigned to
furan Cα-Cα linkages is shown to arise from abundant, stable catecholic ortho-diphenols, whose HO-C=C-OH
structure is proved by 2D13C–

13C NMR after hydroxyl-proton selection. Quantitative 13C NMR spectra of low- and
high-temperature hydrochars have been matched by chemical-shift simulations for representative structural
models. Mixed phenol and furan rings connected by ketones and alkyl linkers provide good fits of the experimen-
tal spectra, while literature models dominated by large clusters of fused rings and with few phenols or alkyl-
linked ketones do not.

1. Introduction

Amorphous carbon-rich materials are useful for numerous purposes,
including gas separation and storage, pollution remediation, anodes for
lithium-ion batteries, supercapacitors, sensors [1], and biomedical ap-
plications [2]. For applications in catalysis of water-soluble biomole-
cules, good resistance to degradation in hot aqueous conditions makes
carbon materials superior to hydrothermally unstable oxide catalysts
[3–5]. Advanced carbonaceous materials can be produced from renew-
able feedstocks by the process of hydrothermal carbonization (HTC),
which has attracted significant research interest [6] as an industrially
viable process that is energy-neutral due to its exothermic nature. The
resulting hydrothermal chars (hydrochar) exhibit favorable chemical

and morphological properties, which can be modified and tuned by the
incorporation of metal catalyst or by altering the duration [7], acidity,
or temperature [8] of the hydrothermal conversion process [5,6]. Hy-
drothermal carbonization of carbohydrates produces carbon-rich
spheres of fairly uniform diameter between 50 and 1000 nm, depend-
ing on reaction conditions [9,10]. Importantly, the structure of hy-
drochar appears to depend minimally on the carbohydrate precursor
materials used, and it has been established that materials produced
from glucose are similar to those from biomass [11].

The formation of solid hydrochar spheres [9,10] has been explained
in terms of a two-step mechanism. First, the solid biomass hydrolyzes to
form soluble sugar monomers and short oligomers; next, these dis-
solved species undergo dehydration and condensation reactions that co-
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alesce to form solid carbon spheres. Hydrochar synthesis affords the op-
portunity to incorporate a wide variety of heteroatoms, functional
groups, nanoparticles, and quantum dots during the synthesis to pro-
duce an array of nanocomposite materials with tunable catalytic, elec-
trochemical, and magnetic properties [12–15].

For the rational development of hydrochar materials targeted for
specific applications, an understanding of their chemical and nanome-
ter-scale structure is crucial. Given the amorphous nature of the materi-
als, diffraction techniques provide rather limited information
[10,16,17]. As a result of the relatively low synthesis temperature,
these materials contain significant fractions of oxygen and hydrogen
and therefore have a broad distribution of functional groups that pro-
duce poorly resolved patterns in unselective vibrational or magnetic-
resonance spectra. Thermally programmed desorption (TPD) monitors
the evolution of CO and CO2 in order to indirectly identify various oxy-
gen-containing groups [18], but deconvolution of the observed peaks is
rather ambiguous with materials synthesized at low temperature (such
as hydrochar), as further reactions may occur prior to the release of
gases. X-ray photoelectron spectroscopy (XPS) can be used for the
analysis of the chemical composition, types of bonding, and their pro-
portions in amorphous carbon materials [19]. However, it suffers from
strong peak overlap [20] and contamination by environmental gases
[21], which has limited its usefulness in application to hydrochar. Near-
edge X-ray absorption fine structure (NEXAFS) can distinguish only a
handful of structural units, does not provide intrinsic quantification,
and cannot probe the bulk of the material [16]. Raman spectroscopy is
sensitive to the short- and medium-range atom ordering in amorphous
carbon materials [22], but hydrochar is subject to thermal degradation
during analysis [23] and the resulting Raman spectra consist of only a
handful of broad features that are not easily deconvolved [24]. Careful
utilization of Raman spectroscopy without laser-induced pyrolysis has
led to the successful characterization of local structures in many hy-
drothermal carbonizations [23,24], especially for the quantification of
furan/arene type ring structures and fused aromatic rings yet leaves
many questions unanswered including the nature of linking groups.

The aforementioned technical challenges have not completely dis-
couraged attempts to rationalize the molecular structure of hydrochar.
An early chemical model depicted hydrochar as consisting of large
arene clusters with heteroatoms on their peripheries, based on Raman
spectroscopic analysis of materials synthesized at ≥350 °C [10,25].
However, large arene clusters are not representative of hydrochars
commonly prepared at lower temperatures, as shown by Baccile et al.
[26] using solid-state 13C nuclear magnetic resonance (NMR) with 13C-
enriched starting materials. Based on spectra from two-dimensional
(2D) double-quantum correlation experiments, they proposed instead
that hydrochar spheres are primarily composed of directly linked furan
rings as well as minor fractions of short alkyl linkers with ketones, alde-
hyde groups and significant amounts of immobilized levulinic acid.
These oxygen-rich structures are believed to result from a mechanism
that proceeds through the dehydration of glucose to hydroxymethylfur-
fural (HMF), which further dehydrates intermolecularly and condenses
into insoluble clusters that agglomerate into spheres. Arenes were esti-
mated to account for about 10 % of the material and proposed to form
separate domains consisting of aromatic clusters of about seven fused
rings [26].

Earlier spectroscopic studies of hydrochar composition did not have
the sophistication required to elucidate the structural complexity of hy-
drochar, such as coexisting furans and phenols, aromatic rings and
alkenes, or ketones and aldehydes, whose NMR signals overlap. As a re-
sult, in hindsight some of their conclusions, for instance regarding the
absence of phenols, have turned out to be too simplistic. Of the existing
models, those proposed from NMR spectra are the most comprehensive,
yet they too lack key details.

Here we probe the structure of a suite of 13C-enriched hydrochars by
more advanced NMR techniques including spectral editing [27–31]

combined with two-dimensional spectroscopy, which can resolve cru-
cial overlapping signals. Our new structural insights are based on exper-
iments taking advantage of one- and two-bond 1H-13C dipolar couplings
as well as multiple-bond 13C–13C interactions, which were not utilized
in the earlier NMR analysis reported in Ref. [26]. For instance, hy-
droxyl-proton selection [30] in one- and two-dimensional spectra en-
ables us to distinguish phenols from furans; in particular, ortho-
diphenols are unequivocally separated from difurans. We can also ob-
serve other clear signals of arenes and prove their proximity to ketones
and methylenes by means of 2D13C–13C correlation spectra edited using
13C-1H one-bond couplings [31].

For a quantitative analysis of hydrochar composition, we apply
comprehensive structural modeling with chemical-shift prediction to
match quantitative 13C NMR spectra [4]. This enables quantification of
the composition without simplistic assumptions about chemical-shift
ranges of furans and arenes and provides a straightforward way to com-
pare the quality of different structural models, including those pro-
posed in the literature. This approach yields good estimates of the frac-
tions of carbons in furans, phenols, other arenes, alkyls, ketones, and
carboxylates.

In addition to molecular-level characterization, hydrochar structure
on the length scale of tens of nanometers may be important in some ap-
plications. The structure of hydrochar spheres on the ∼100-nm scale
has been described as a two-domain system composed of a hydrophilic
shell surrounding a hydrophobic core [9,10]. This model was derived
from electron micrographs that display less intensity in the outer region
of each sphere and would be compatible with a reaction mechanism in
which the aromatic solid grows by attachment of hydrophilic molecules
from solution. We test this hypothesis by two-dimensional 13C–13C ex-
change NMR experiments with long mixing times, where the extent of
13C spin diffusion gives a good measure of spatial proximities and ho-
mogeneity on the 5-nm scale.

Hydrothermal carbon syntheses have been reported for a range of
temperatures (typically between 180 and 350 °C) [8], reaction times
(0.5–24 h) [7], and pH conditions [6]. These conditions may impact the
structure of the resulting hydrochar. To determine the effects of synthe-
sis parameters on structure and to draw structural conclusions that may
apply to hydrochars in general, the structures of nine samples synthe-
sized at various temperatures and pH conditions for two different reac-
tion times were characterized by quantitative 13C NMR in this study.

2. Materials and methods

2.1. Sample preparation

13C-enriched D-glucose (13C6H12O6, >99 % atom % 13C, molecular
weight 186.11 g/mol) from Sigma-Aldrich was selected as the source of
13C, while regular alpha-D(+)-glucose (C6H12O6, molecular weight
180.16 g/mol) was purchased from Fisher Scientific.

Hydrothermal conversions of model solutions of 1.4 g of glucose in
deionized water (>17.9 MΩ resistivity) were conducted with 13C en-
riched glucose or partially 13C enriched glucose as carbon precursors.
Here, “fully-enriched” refers to the carbon source being neat 13C-
enriched glucose, while “partially-enriched” refers to a mass ratio of
0.28 g: 1.12 g = 1:4 for 13C-enriched glucose to natural-abundance
glucose. The reaction time was either 1 h or 5 h, encoded as “-1h” and
“-5h” in the sample nomenclature. The three reaction temperatures
tested were 180 °C, 200 °C, and 280 °C (−180, −200, and −280 in the
sample name).

The molar ratio of HCl (from a 37 mol% solution (Fisher)) to glu-
cose varied; three levels of HCl concentration were used: 0 M (no acid,
NA), 0.016 M (low acid, LA), and 0.16 M (high acid, HA). The abbrevi-
ated names, such as 13CGlc-1h-180-HA, of the nine samples studied can
be found in Table 1. An overview of the reaction conditions is given in
Table S1.
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Table 1
Composition of the nine glucose hydrochar materials studied here from peak integration in quantitative13C NMR spectra and spectral editing. Spinning sidebands
were taken into account. In each row, the percentages not in italic font add to 100 ± 1 %. Maximum values in each column are highlighted in bold. Error mar-
gins: ±0.6 % for integrals ≤10 %; ±1 % for integrals >10 %.

Ketone COO Arom. Arom Cnp OCHn OCq + CCq CCHn CH3

Sample//ppm 230–187 187–164 164–97 164–97 97–63 97–38 63–8 34–8

Glc-1h-180-LA 8.6 % 5.7 % 56.1 % 39.5 % 6.8 % 4.7 % 22.8 % 5.5 %
13CGlc-1h-180-HA 9.2 % 5.6 % 54.8 % 39.6 % 5.2 % 4.7 % 25.2 % 7.5 %

Glc-1h-200-NA 7.6 % 5.0 % 58.2 % 40.5 % 6.7 % 4.5 % 22.3 % 4.9 %

Glc-5h-200-NA 7.8 % 4.9 % 59.2 % 43.3 % 4.8 % 4.1 % 23.4 % 5.7 %

Glc-1h-200-LA 7.4 % 4.8 % 58.5 % 44.4 % 4.2 % 4.0 % 25.2 % 6.5 %

Glc-5h-200-LA 7.9 % 5.1 % 57.4 % 42.4 % 3.6 % 4.1 % 25.9 % 6.4 %

Glc-1h-200-HA 8.2 % 5.1 % 55.7 % 40.1 % 4.7 % 4.3 % 26.3 % 6.7 %

Glc-1h-280-NA 6.3 % 3.9 % 63.1 % 47.0 % 3.9 % 3.8 % 22.7 % 6.5 %
13CGlc-5h-280-NA 5.3 % 4.3 % 64.3 % 48.9 % 3.9 % 3.3 % 22.3 % 7.0 %

The experiments included hydrothermal conversion of the following
model solutions: solution A (S.A, 1.45 M partially-enriched glucose),
solution B (S.B, 1.45 M partially-enriched glucose + 0.016 M HCl), so-
lution C (S.C, 1.45 M partially-enriched glucose + 0.16 M HCl), solu-
tion D (S.D, 1.45 M fully-enriched glucose), and solution E (S.E, 1.45 M
fully-enriched glucose + 0.16 M HCl). The hydrothermal conversion
was performed in stainless steel autoclaves with an internal volume of
10 ml. During each experiment, a total of 6 autoclaves were loaded into
a thermally insulated gas chromatograph oven. The GC oven tempera-
ture was then set to the desired set-point. Each experiment was allowed
40 min to reach the desired set-point after which the reactors were re-
moved after 1 h or 5 h as denoted in Table S1. After the planned reac-
tion time had passed, the autoclave was quenched rapidly by cooling
down the autoclave to room temperature in cold water. The reaction
conditions of the hydrothermal conversion processes and the corre-
sponding solid samples are summarized in Table S1.

After cooling down the autoclave, the suspension of the solid (hy-
drochar) and liquid (process water) was filtered using a vacuum pump
and a 0.45-μm PTFE membrane filter. Then the hydrochar was dried at
105 °C for 24 h. After drying, the hydrochar was ground via mortar and
pestle to produce samples with homogeneously fine particles.

The liquid phase was collected in high-density polyethylene (HDPE)
bottles and frozen at −24 °C to avoid oxidation and degradation reac-
tions before characterization using HPLC [32]. The maturity of the solid
phase sample was evaluated using the hydrochar yield, residual glucose
concentration, concentrations of intermediates such as levulinic acid,
and severity factors – as shown in Table S2. Two fully enriched samples
were prepared under conditions designed to produce one immature hy-
drochar and one mature hydrochar.

2.2. Elemental analysis

The C and H mass fractions were measured by combustion analysis
at Midwest Microlab, Indianapolis, for 13CGlc-1h-180-HA
(62.48 ± 0.3 wt% C, 4.19 ± 0.04 wt% H) and 13CGlc-5h-280-NA
(67.72 ± 0.3 wt% C, 4.00 ± 0.04 wt% H).

2.3. Solid-state NMR

NMR experiments were performed on a Bruker Avance Neo 400WB
NMR spectrometer at 1H and 13C resonance frequencies of 400 MHz
and 100 MHz, respectively. All measurements were conducted using a
Bruker double resonance magic-angle-spinning (MAS) probe head with
4-mm zirconia rotors. Samples were directly loaded into the rotors with
3-mm thick glass disks at the bottom, except for the partially labeled
Glc-1h-180-LA, which was first loaded into a Kel-F HR-MAS rotor insert
due to limited sample amount. The 90° pulse lengths for 1H and 13C
were 3.6 μs and 4.0 μs, respectively. Two-pulse phase modulation
(TPPM) [33] with strong 1H decoupling at a field strength of

|γB1/2π| = 95 kHz was used for dipolar decoupling during the Hahn
echo [34] or total suppression of sidebands (TOSS) [35] for dead-time-
free detection, while SPINAL-64 [36] at γB1/2π = 85 kHz was used
during signal acquisition. 13C chemical shifts were referenced to TMS
via the COO resonance of α-1-13C-glycine at 176.49 ppm as a secondary
reference.

For each of the nine hydrochar samples studied here, a fully relaxed
13C direct polarization (DP) NMR spectrum with up to 300 s recycle de-
lays (depending on the T1C relaxation time of the sample) was recorded
at 14 kHz MAS with signal averaging for up to 13 h.

2.3.1. Spectral editing
Under the same conditions (14 kHz MAS and full relaxation during

the recycle delay), selective DP spectra of C not bonded to H and mobile
segments were recorded after recoupled dipolar dephasing, with decou-
pling gated off during a 68 μs period centered on the 180° pulse of the
Hahn echo before detection [37]. These spectra are shown scaled by a
factor of 1.11 to correct for slight long-range C-H dephasing of the non-
protonated C signals, as is typical practice [37]. In other words, the
spectrum after dipolar dephasing is slightly scaled up to match the
peaks of the nonprotonated C=O peaks in the full DP spectrum. A CH-
only spectrum was obtained by dipolar distortionless enhancement by
polarization transfer (dipolar DEPT) [27] and a CH2-only spectrum by
three-spin coherence selection [29], both at 5.787 kHz MAS. For fully
13C enriched samples, the experiment time was on the order of 2 h,
while for partially 13C enriched samples, the time was up to 17 h for CH
and 25 h for CH2 selection. The longest time was needed for the Glc-1h-
180-LA sample, since only a relatively small amount of this material
was available.

A 5-pulse chemical-shift anisotropy (CSA) dephasing pulse sequence
followed by TOSS was applied at 5 kHz MAS [28]. The 13C CSA filter
was combined with an incrementation of the preceding z-period in four
steps of tr/4, which provides “γ-averaging” to ensure that TOSS sup-
presses the spinning sidebands up to fourth order. For dipolar dephas-
ing, a period of 40 μs without 1H decoupling was optionally added. The
cross polarization (CP) contact time was 0.5 ms. With a recycle delay of
2 s, 448 transients were collected over 15 min for the 13CGlc-1h-180-
HA sample.

The hydroxyl-proton selection (HOPS) NMR experiment was ap-
plied to selectively polarize the OH-bonded nonprotonated carbons at
14 kHz MAS in 13C-enriched solids [30]. In short, after a recoupled
1H{13C} dephasing period of 70 μs that also serves as a chemical shift
filter (on resonance at 10.5 ppm) suppressing CH3 proton magnetiza-
tion, the retained OH proton magnetization is transferred to 13C by
0.25 ms of cross polarization. HOPS spectra were obtained with mea-
suring times of ≤2 h.
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2.3.2. Two-dimensional NMR
A two-dimensional (2D) 1H-13C heteronuclear correlation (HetCor)

spectrum [38] was recorded at 7.5 kHz MAS with frequency-switched
Lee-Goldburg homonuclear decoupling [39] and total suppression of
spinning sidebands (TOSS) before detection, with a cross-polarization
time of 0.08 ms and a minimal mixing time of 0.01 ms, with the goal of
detecting the characteristic peak of aldehydes (O=C-H) near (10 ppm,
179 ppm). In order to completely suppress strong overlapping peaks of
nonprotonated carbons, the spectrum was CHn-only edited, i.e., ob-
tained as the difference between a HetCor spectrum acquired with short
CP of 0.08 ms and its counterpart after dipolar dephasing.

Two-dimensional (2D) double-quantum/single-quantum (DQ/SQ)
NMR spectra were measured at 14 kHz MAS with 0.57 ms of 13C–13C
dipolar recoupling by SPC5 [40] without 1H irradiation, relying on the
13C irradiation at |γB1|/2π = 70 kHz for heteronuclear decoupling
[31]. Recoupled dipolar dephasing of 68 μs duration [28] was applied
before detection. The signal averaging time for each sample was up to
25 h.

Hydroxyl-proton selection [30] was combined with a two-
dimensional dipolar-dephased DQ/SQ experiment to study the bonding
environment of the nonprotonated C-OH groups, in particular in phe-
nols. The pulse sequence for this not previously published experiment is
shown in Fig. S1. The signal averaging time for each sample was up to
32 h.

Selective correlation of signals of nonprotonated or mobile carbons
with those of neighboring protonated carbons was achieved in a simpli-
fied version of EXPANSE NMR [31] with 0.072-ms CP followed by 1 ms
and 10 ms of 13C spin diffusion and by recoupled dipolar dephasing be-
fore detection. The signal averaging time used for each sample was up
to 38 h. An optional five-pulse 13C CSA filter was applied (directly after
CP in the EXPANSE pulse sequence, at 14 kHz MAS) to suppress the sig-
nal of aromatic CH, while retaining the signal of the sp3-hybridized car-
bons. The signal averaging time used for 13CGlc-1h-180-HA was 11 h.

A two-dimensional 13C–13C exchange NMR spectrum [41] was mea-
sured at 7 kHz MAS with high-power dipolar decoupling and TOSS be-
fore detection. A TOSS and an inverted TOSS four-pulse sequence were
applied before and after the evolution time, respectively, to suppress
the spinning sidebands in the ω1 domain [39,42,43]. 1H irradiation at a
field strength that matches the MAS frequency (DARR) was applied dur-
ing the mixing time to facilitate 13C spin diffusion [44]. The mixing
time was set to 1 s to allow for dipolar magnetization transfer over sev-
eral bonds and thus probe the local environment of each carbon. For
each 13C-enriched sample, the signal averaging time was ∼19 h.

2.3.3. Spectral simulations for hydrochar models
Empirical (database) chemical shift prediction using the ACD/Labs

NMR Predictor program [45] was used extensively, see the SI, to assign
specific cross peaks in the spectrally-edited 13C–13C 2D spectra. The
predicted chemical shift was based on the hierarchically ordered spher-
ical environment (HOSE) convention and thus atoms separated by more
than three layers, unless connected by conjugated double bonds, were
mostly ignored by the program.

Detailed structural models were generated for both of the fully-13C-
enriched hydrochar materials based on quantitative 1D and, indirectly,
spectrally edited 2D13C NMR spectra as well as the elemental composi-
tion obtained from combustion analysis (C, H, and then O by differ-
ence), which provide relative amounts of key structural fragments and
constrain the possible structural components. The highly crosslinked
nature of the material is taken into account by excluding the structural
units on the edge of the proposed network structural model. The models
were refined by calculating 1D13C NMR spectra, both for all C and for
nonprotonated or mobile CH3 from dipolar recoupling, using the pre-
dicted chemical shift and the number of attached H provided by the
ACD/Labs NMR Predictor program [45]. These data were then input
into a MATLAB program for conversion into spectra with Gaussian line

broadening of ca. 20 ppm full width at half maximum applied to all
peaks from the proposed model except for the 13CGlc-1h-180-HA
model, where the levulinic acid peaks were broadened using a much
smaller line broadening of ca. 5 ppm (due to the structural homogene-
ity of the small molecule). First-order aromatic spinning sidebands at
14 kHz MAS were also taken into account (2 × 5 % of the centerband
intensity) considering the typical chemical shift anisotropy of carbons
in oxygen-containing aromatic rings. The structural model was opti-
mized iteratively by gradual modifications of the structure until the
simulated and experimental spectra were in good agreement. As with
previous examples in the hydrochar literature [10,16,25], each model
should be thought of as a typical structural unit containing all of the key
chemical features of the material.

3. Results

The objective of this work is to use advanced solid-state 13C NMR
methods to elucidate hydrochar structure in greater detail and with
greater certainty than demonstrated in previous studies [4,11,26]. To
that end, a series of hydrochar samples were synthesized from 13C glu-
cose at different reaction times and temperatures, in the presence and
absence of differing amounts of homogeneous acid catalyst. The range
of conditions was selected to be inclusive of the majority of studies pub-
lished on hydrochar [6,46]. Hydrochar synthesis conditions used in the
literature are listed in Table S3. Of the nine hydrochar samples, two end
points in synthesis parameter space, 13CGlc-1h-180-HA and 13CGlc-5h-
280-NA, were selected for detailed study, as these two samples brack-
eted most of the composition space of all others. Accordingly, the fol-
lowing discussion emphasizes these two samples.

3.1. Quantitative 13C NMR spectra

Fig. 1 displays quantitative 13C NMR spectra of four of the nine
partially or fully 13C-enriched hydrochars studied here, and the corre-
sponding quantitative 13C spectra of the nonprotonated carbons and
mobile segments; spectra of all samples are shown in Fig. S2. The
spectra are fairly similar and dominated by aromatic bands spanning a
range from 105 to 155 ppm. Relatively sharp peaks at 210, 177, 37,
and 30 ppm are at least partly attributable to the C=O, COO, CH2,
and CH2+CH3 signals, respectively, of levulinic acid, as demonstrated
by Baccile et al. [26]. The assignment to levulinic acid was confirmed
by obtaining the difference spectrum of the original 13CGlc-1h-180-HA
material and the tetrahydrofuran (THF)-sonicated solid residue of
13CGlc-1h-180-HA, see Fig. S3, showing the signals of levulinic acid,
which is soluble in THF. Fractional areas of C=O, COO, aromatic, and
other signals are listed in Table 1 for the nine samples studied here.
They quantify the increase in the aromatic-carbon fraction observed in
the spectra of Fig. 1.

The spectrum in Fig. 1a shows essentially the same peaks as the hy-
drochar sample studied by Baccile et al. [26], with similar intensity ra-
tios. This demonstrates that hydrochar synthesis is reproducible in dif-
ferent laboratories and that our low-temperature (180 °C) samples are
similar to that previously analyzed in Ref. [26]. Nevertheless, peak
overlap makes assignments ambiguous, and our structural conclusions
from advanced NMR with spectral editing, documented in the follow-
ing, differ in important details, such as the abundance of phenols, from
those in Ref. [26].

3.2. Spectral editing for peak assignment

Different types of functional groups may have overlapping ranges of
13C NMR frequencies. Examples include ketones vs. aldehydes between
185 and 200 ppm, O-CHR-O vs. furan Cβ between 100 and 120 ppm,
and phenol/alcohol C-OH vs. ether C-O-C from 140 to 160 ppm and
70–110 ppm. With spectral editing, these overlapping signals can often
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Fig. 1. Quantitative direct-polarization solid-state 13C NMR spectra of (a) Glc-
1h-180-LA, (b) 13CGlc-1h-180-HA, (c) Glc-1h-200-LA, and (d) 13CGlc-5h-280-
NA. Bold black line: spectrum of all carbons; thin red line: spectrum of non-
protonated carbons and mobile segments obtained after recoupled dipolar de-
phasing scaled by 1.11 to match nonprotonated carbon peaks; dashed green
line: spectrum of protonated carbons obtained as the difference between the
black and red spectra. The spectrum in (a) has a lower signal-to-noise ratio
than the other spectra shown here due to limited sample amount and only
partial 13C enrichment.

be resolved, and peaks can be assigned reliably to specific functional
groups. Comprehensive editing of one-dimensional spectra was applied
to the glucose hydrochar samples studied here. Typical results for a
low-temperature hydrochar, 13CGlc-1h-180-HA, are shown in Fig. 2a
and b. In the 13C spectrum obtained after dipolar dephasing (purple
spectrum in Fig. 2a), the CH and CH2 signals are fully suppressed, while
the signals of fast-rotating CH3 groups resonating between 5 and
30 ppm are retained at a level of ∼60 %. The nonprotonated sp3-
hybridized carbons (quaternary carbons, Cq) exhibit a broad band over
the region of 50–70 ppm (from true quaternary carbons, CC4 or “Cq”) as
well as a distinctive peak at 90 ppm (from OCC3, or “OCq”). Above
100 ppm, signals of nonprotonated C in the ranges of 110–160,
160–185, and 185–230 ppm can be assigned to aromatic, COO, and ke-
tone/aldehyde carbons, respectively. CH2 spectral editing by three-spin
coherence selection [29], see the red trace in Fig. 2a, shows an intense
band between 20 and 50 ppm, the signal of CH2 groups bonded to two
carbons (C-CH2-C). In the range of OCH2 resonances (60–75 ppm), only
a weak broad peak is visible.

Fig. 2. Spectral editing of 13C NMR spectra of (a, b) 13CGlc-1h-180-HA and (c)
13CGlc-5h-280-NA. (a) and (c) show quantitative spectra of all carbons (green
lines); spectra of nonprotonated carbons and mobile segments obtained after re-
coupled dipolar dephasing (thin purple lines); spectra of CH carbons (thin blue
lines); and spectra of CH2 carbons (red lines). Peaks of levulinic acid are marked
by “L” in (a). (b) shows the CSA-filtered spectrum of all sp3-hybridized carbons
(green line); the spectrum of nonprotonated sp3-hybridized carbons and mobile
segments obtained after CSA filtering and recoupled dipolar dephasing (purple
line); and the difference spectrum of protonated carbons (dashed blue line). (d)
Hydroxyl-proton selected (HOPS) spectra of both materials, showing mostly sig-
nals of C-OH groups. The presence of the O-C-OH signal at 104 ppm and the ab-
sence of the OCq peak at 90 ppm is marked by arrows.

In the CH-only spectrum obtained after dipolar DEPT (blue trace in
Fig. 2a), the sp3-hybridized C-CH carbons exhibit a major peak at
35–60 ppm and O-CH carbons a clear foot at 65–85 ppm [27]. Beyond
100 ppm, the CH carbons are mostly aromatic CH (sp2-hybridized) but
can also derive from sp3-hybridized O-CH-O. The latter can be observed
selectively in a spectrum after a chemical-shift-anisotropy (CSA) filter,
since sp2-hybridized carbons have larger CSAs than sp3-hybridized car-
bons and therefore can be efficiently suppressed while signals for sp3-
hybridized carbons are retained [28]. Fig. 2b shows a CSA-filtered CP
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spectrum with and without C-H dipolar dephasing, where the suppres-
sion of the 100–150 ppm signals reveals the sp2-hybridization of these
carbons. In the spectrum after CSA filtering and dipolar dephasing (the
purple trace in Fig. 2b), distinct peaks at 90 ppm and 104 ppm are ob-
served, from oxygen-bonded nonprotonated carbons that are sp3-
hybridized.

Spectral editing applied to a representative high-temperature hy-
drochar, 13CGlc-5h-280-NA, is shown in Fig. 2c. It reveals mostly simi-
lar peak positions as seen in Fig. 2a but with significant changes in rela-
tive intensities. Most prominently, more arene carbons are observed
around 120–140 ppm, including arene CH near 122 ppm. The four
sharp peaks of levulinic acid, which are prominent in Fig. 2a, are much
less pronounced in Fig. 2c after high temperature synthesis. Further-
more, the 90-ppm signal of the nonprotonated sp3-carbon (OCq) is miss-
ing, showing that the oxygen-bonded quaternary carbons either do not
form or are degraded when hydrothermal carbonization takes place at
higher temperature.

The spectra in Fig. 1 contain a wide range of aromatic-carbon sig-
nals consistent with phenolic subunits, but the phenol content cannot
be quantified from Fig. 1 due to substantial overlap with furan signals.
Hydroxyl-proton selective (HOPS) 13C NMR experiments were per-
formed to overcome this limitation and the resulting spectra of both
13C-enriched samples are shown in Fig. 2d. The HOPS spectra are domi-
nated by two phenol peaks, one near 142 ppm from ortho-diphenols,
the other near 149 ppm for 180 °C and near 152 ppm for 280 °C synthe-
sis temperature from monophenols or para-diphenols. The absence of a
peak at 90 ppm proves that the OCq carbon is not bonded to an OH
group but to an oxygen atom that participates in an ether or ester bond.
The presence of catecholic ortho-diphenols in both materials, further
confirmed by 2D NMR below, is especially important given the role of
oxygen-containing functional groups in heavy metal cation adsorption
[47,48].

3.3. Effect of synthesis time

Fig. S4 compares pairs of 13C NMR spectra of three hydrochars syn-
thesized at the same temperature and acid content for 1 h and 5 h. The
line shapes of each pair are similar. The biggest change observed is a
moderate increase in aromaticity from 1 h to 5 h at 280 °C. These re-
sults indicate that few structural transformations take place after 1 h
[7], meaning that a multi-step formation mechanism consisting of dif-
ferent types of pathways at early formation times and late formation
times is not required. Future work might evaluate earlier synthesis
times to determine if initial nucleation involves the same pathways as
subsequent hydrochar growth; this work was limited to evaluating ma-
terials at longer times when sufficient quantities (tens of milligrams) of
hydrochar have formed.

3.4. 2D EXPANSE NMR

A hydrochar model consisting of furan and arene (phenol) sub-units
connected through cross-linking groups emerges from the spectra in
Figs. 1–3. How these structural subunits are linked to one another can
be determined by two-dimensional 13C–13C NMR with spectral editing.
Fig. 3 shows 2D EXPANSE 13C spectra of the 13CGlc-1h-180-HA and
13CGlc-5h-280-NA samples. The spectra exhibit cross peaks due to local
13C–13C spin exchange from CHn to nonprotonated C [31]. The comple-
mentary spectral editing suppresses the trivial diagonal ridge with its
associated artifacts and resolves peak overlap, in particular between 50
and 100 ppm in the detection (horizontal) dimension. All strong and
some of the weak peaks present in Fig. 3 are attributable to one-bond
transfers. Weak peaks from two-bond transfer may be observed for the
most abundant structural moieties. The complementary selection of
CHn signals in the evolution and nonprotonated-C peaks in the detec-
tion period removes most of the otherwise dominant signal along the

spectral diagonal [31]. This provides excellent dynamic range and en-
ables detection of small cross peaks. Most importantly, cross peaks near
the diagonal can be detected, which in particular enables identification
of arenes, which have resonances that cluster between 120 and
140 ppm. Since the magnetization starts from a CHn of known fre-
quency in the vertical and ends on a nonprotonated C of known fre-
quency in the horizontal dimension, most cross peaks contain specific
structural information.

In the 13CGlc-1h-180-HA sample, see Fig. 3a, the magnetization of
CH3 at 12 ppm transfers to furan-Cα resonating at 158 ppm, and that of
CH3 at 26 ppm to ketone-C in a 2-acetylfuran structural unit. The un-
derlying structures are shown in the Figure. The weak CH3 signal at
(105 ppm, 12 ppm) indicates some two-bond correlation between sp2-
CH and CH3; as expected, it is not seen in the corresponding spectrum
with a short mixing time of 1 ms, see Fig. S5a, where only one-bond
correlations are observed prominently.

Sharp cross peaks of levulinic acid are observed at (30 ppm,
177 ppm) and (30 ppm, 208 ppm). More generally, the magnetization
of CH2 carbons resonating at ∼40 ppm transfers to neighboring quater-
nary carbons (broad 50–80 ppm Cq, sharp 90 ppm OCq), furan-Cβ

(129 ppm), -Cα (149 ppm), and furan-bonded ketone (189 ppm). A par-
ticularly distinctive cross peak is observed between CH2 at 26 ppm and
furan-Cα at an elevated chemical shift (154 ppm). According to Fig. S6,
these chemical shifts are characteristic of one or two bridging CH2 be-
tween a furan α carbon and another furan ring or a phenol β-carbon,
with limited methylene chemical shift variations (due to the absence of
other substituents). The furan chemical shift >152 ppm indicates a
linkage of the other furan α-carbon on the same ring to sp2-hybridized
C, e.g., of ketones, see Fig. S7. In the frequency range of 45–55 ppm in
the vertical dimension, which is characteristic of sp3-hybridized CH ac-
cording to Fig. 2a and c, featureless intensity is observed but no re-
solved cross peaks can be discerned.

The magnetization of sp2-hybridized CH resonating at >100 ppm in
the vertical dimension transfers to nonprotonated (substituted) furan-
Cβ (125 ppm), substituted furan-Cα (∼152 ppm) or monophenols, and
substituted arenes including ortho-diphenols (125–145 ppm). In a CSA-
filtered 2D EXPANSE spectrum, see Fig. S5b, all the cross peaks at >
100 ppm in the vertical dimension are suppressed, proving that these
CH carbons are sp2-hybridized. This is consistent with the small sp3-CH
signal intensity at >100 ppm in the one-dimensional CSA-filtered 13C
spectra of Fig. 2b.

The lower left corner of the spectrum in Fig. 3a shows weak peaks
that must be attributed to = CH−C=O fragments of alkenes, or to un-
expected two-bond correlations of substituted aromatic rings; the as-
signment to alkenes bonded to ketones is supported by the presence of
these signals in the 1-ms (one-bond) spectrum of Fig. S5a and their ab-
sence from the spectrum of the high-temperature hydrochar (where an
alkene-quinone = CH−C=O cross peak is observed instead). Other evi-
dence of alkenes will be presented below. Alkenes have not previously
been detected conclusively in hydrochar, and their presence suggests
potential anchoring points for post-synthesis functionalization.

3.5. 2D solid-state INADEQUATE NMR

A complementary two-dimensional 13C–13C NMR spectrum with
spectral editing and free of a trivial diagonal ridge can be obtained us-
ing dipolar-dephased double quantum/single quantum (DQ/SQ) NMR
[31]. It is analogous to the INADEQUATE experiment in solution NMR,
but due to dipolar dephasing selectively shows cross peaks only be-
tween directly bonded carbons not bonded to H or between nonproto-
nated C and a CH3 group. Fig. 4 and Fig. S8 present 2D dipolar-
dephased DQ/SQ 13C spectra of 13CGlc-1h-180-HA and 13CGlc-5h-280-
NA, respectively, excited by 0.57-ms recoupled excitation and recon-
version times. As in the conceptually related INADEQUATE experiment,
a directly bonded nonprotonated 13C–13C spin pair (or 13Cnp and a13CH3
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Fig. 3. Spectrally edited two-dimensional 13C exchange NMR of (a) 13CGlc-1h-180-HA and (b) 13CGlc-5h-280-NA, showing cross peaks between CHn (vertical di-
mension) and nearby nonprotonated carbons or carbons in mobile segments (horizontal dimension). The most relevant peaks are assigned to bonds between the
highlighted atoms in the structures shown. Here, “Ar” and “Fur” refer to arene ring and furan ring, respectively. The spinning frequency was 14 kHz, the mixing
time 10 ms. Spinning sidebands are marked “ssb”.

group) gives rise to a pair of signals in the horizontal dimension at their
sum chemical shift in the vertical dimension. Various resolved peak
pairs are connected by colored horizontal lines added to the spectra. A
line of a certain color indicates connectivity in a specific structural frag-
ment.

In the DQ/SQ spectrum of 13CGlc-1h-180-HA, one can observe sig-
nal pairs of CH3 bonded to arene (black dashed), furan Cα (solid or-
ange), furan Cβ (dashed orange), alkene C (brown), and C=O in lev-
ulinic acid (purple). Blue lines highlight that the nonprotonated carbon
indicated by the peak at 50 ppm connects to arene carbons (broad peak
centered at 133 ppm) and to a ketone carbon at 205 ppm. The dark
green line traces out a 2-acetylfuran fragment, where a ketone at
189 ppm is connected to a CH3 at 26 ppm and to a well-resolved furanic
C-O at ∼151 ppm. The chemical shift <153 ppm rules out substitution
of the other α-carbon by C=O (see Fig. S9). The brown line for the well-
resolved O-Cq resonating at 91 ppm, with bonds to three other carbons,
highlights that it is bonded to CH3 resonating at 22 ppm, and a ketone
at 203 ppm, whose chemical shift indicates [31] that it is connected to
an arene carbon (possibly at 135 ppm). In addition, the EXPANSE spec-
trum shows that the third C-C bond of the 90-ppm OCq links it to CH2.
Similarly, the light blue line connects the O-Cq-O at 104 ppm, which
has two C-C bonds, with CH3 at 21 ppm and a ketone at ∼195 ppm. The

aromatic carbons show furanic and phenolic Cα and substituted-Cβ sig-
nal pairs, which were also observed in a DQ/SQ spectrum of “13CGlc-
60h-180-NA” reported by Baccile et al. [26].

The signals of many other types of other nonprotonated aromatic
carbons are severely overlapped, making it difficult to resolve specific
directly bonded spin pairs. Nevertheless, one can make conclusions
about certain groups of spin pairs. Aromatic C-O and the Cβ carbons to
which they are bonded account for the most intense signal ridges. Cβ-Cβ

pairs of furans and/or phenols in different rings, or both substituted in
the same furan ring, account for intensity near (2 × 115 ppm,
115 ppm). An intense and fairly distinctive peak at (280 ppm,
129 ppm) is consistent with arene–Cα-furan bonds. The central peak
near (2 × 137 ppm, 137 ppm) can be safely assigned to arenes, be-
cause in furans pairs of nonprotonated carbons with chemical shifts be-
tween 132 and 145 ppm are extremely rare. The characteristic signal of
pairs of directly bonded ketones [49] is not observed; while their reso-
nance position around (2 × 200 ppm, 200 ppm) is outside the spectral
region shown in Fig. 4, spectral plots that include it (see Fig. S10) do
not show such resonances on the slope-two diagonal.

In the DQ/SQ spectrum of 13CGlc-5h-280-NA, see Fig. S8, a pro-
nounced increase in the arene carbon signal on the slope-two diagonal
(i.e., near (2 × 137 ppm, 137 ppm)) can be observed, as expected from
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Fig. 4. Dipolar dephased DQ/SQ (double quantum/single quantum, solid-state
INADEQUATE) 13C–

13C NMR spectrum of 13CGlc-1h-180-HA showing cross
peaks between directly bonded nonprotonated carbons or of nonprotonated C
with a CH3 group. Color-coded structural assignment of most of the resolved
peaks are shown. Spinning sidebands are labeled “ssb”. The corresponding
spectrum of 13CGlc-5h-280-NA is shown in Fig. S8.

the corresponding peak in the 1D spectrum of Fig. 1d. Another emerg-
ing structural feature (marked by the light-green line in Fig. S8) corre-
sponds to a ketone at ∼180 ppm that connects furan-Cα with an arene
ring, in agreement with chemical-shift trends for ketones [31]. On the
other hand, several of the spectral features observed in Fig. 4 are
strongly reduced here, including peaks of Cq-containing structures
(brown, light-blue), 2-acetylfuran (green), the arene-ketone-enol struc-
ture (pink line) and levulinic acid, indicating that these structural frag-
ments are less likely to form or persist at higher than at lower tempera-
ture and without than with acid.

3.6. 2D NMR of phenols

Distinguishing furans and phenols is a key challenge in NMR analy-
sis of hydrochar and similar oxygen- and aromatic-rich organic materi-
als. Furans and phenols both contain aromatic C-O moieties that res-
onate between 147 and 163 ppm and consequently overlap in their 1D
and 2D spectra. The important phenol signals can be characterized se-
lectively by HydrOxyl Proton Selection (HOPS) with short cross polar-
ization followed by a two-dimensional DQ/SQ experiment with dipolar
dephasing (see Fig. S1 for the pulse sequence). The resulting spectrum
shows signals of C-OH groups and of nonprotonated carbons to which
they are bonded. Fig. 5 presents the HOPS-DQ/SQ spectrum of 13CGlc-
1h-180-HA. There is a pronounced on-diagonal peak at (2 × 142 ppm,
142 ppm). It arises from a pair of similar nonprotonated = C-OH car-
bons resonating at 142 ppm and must therefore be assigned to a struc-
tural unit of (HO-Cnp)=(Cnp-OH), which we refer to as an ortho-
diphenol. The corresponding peak in the unselective DQ/SQ spectrum
had previously been assigned to a linkage from furanic-Cα to furanic-Cα

Fig. 5. Hydroxyl-proton selective (HOPS) DQ/SQ 13C NMR spectrum with
dipolar dephasing of 13CGlc-1h-180-HA. The HOPS filter was applied before
0.25-ms CP to select C-OH signals; due to the generation of double-quantum
coherence, peaks of nonprotonated carbons bonded to C-OH are also ob-
served. The corresponding, fairly similar-looking spectrum of 13CGlc-5h-280-
NA is shown in Fig. S13.

[26], which can be excluded now since that structure does not involve
hydroxyl groups but only ethers. In the same spectrum, a phenol C-OH
carbon at ∼156 ppm connects with a nonprotonated aromatic carbon
(∼120 ppm), marked in light blue. Signals compatible with a 1, 2, 3-
triphenol (see Fig. S11d) are also labeled in the figure.

In addition, near its lower edge, the spectrum exhibits a clear pair of
peaks corresponding to a 200-ppm carbon (ketone) bonded to a nonpro-
tonated aromatic or alkene C-O resonating at 148 ppm (pink line).
Since these peaks are observed in the HOPS-DQ/SQ spectrum, there
must be an OH group bonded to the nonprotonated-C at 148 ppm. The
structure is recognized as an enol that is stabilized by the ketone neigh-
bor [49]. Judging by the ketone chemical shift [31], the ketone may
also be bonded to an arene ring. This can further delocalize the π elec-
trons and stabilize the enol structures. Predicted chemical shifts for this
enol structure shown in Fig. S12 confirm this assignment.

Enols are not generally considered thermally stable functional
groups and would likely not survive hydrothermal conditions, meaning
that this unexpected assignment requires additional confirmation. At-
tempts to explain these cross peaks by non-alkene structures were un-
successful. The 148-ppm peak cannot arise from a phenol because phe-
nol C-O is always bonded to aromatic C, not ketones. Even if the re-
quirement of bonding to OH is relaxed, the signal would be difficult to
explain otherwise: If it were from furan-Cα bonded to a ketone, the ke-
tone-C would resonate at <190 ppm [31], regardless of the other bond-
ing partner of the ketone (including furan-Cα, -Cβ, arene, CH3, and CH2,
which are indicated by brown “X” marks in Fig. 5), not at 200 ppm as
observed experimentally. Thus, the conjugated enol structure is doubly
justified, first by the chemical shift and then by the C-OH structure doc-
umented by HOPS selection.

3.7. Aldehyde signal

Aldehydes are thermally reactive H-C=O groups [50] which readily
undergo acid or base-catalyzed aldol condensation [51] and whose sig-
nals overlap with those of ketones and carboxylic acids but can be dis-
tinguished by spectral editing due to the attached proton in the H-C=O
group. Samples produced at low proton concentration and moderate
temperature showed a characteristic 179-ppm signal of an aldehyde af-
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ter spectral editing, see Fig. 6 and Fig. S2. As with enols, aldehydes are
not considered to be thermally stable because they are prone to un-
dergo aldol condensations with one another, producing ketones. In fact,
aldol condensation is one of the main reactions implicated in hydrochar
formation [11,47,52]. It may come as some surprise then that aldehy-
des are detected. Hydroxymethylfurfural (HMF) is a known aldehyde
intermediate in thermal conversions of glucose [53], and has been ob-
served by HPLC in hydrochar made at low temperature, see Table S2.
That stated, the conventional thinking is that HMF is incorporated into
hydrochar by means of aldol condensation, thereby converting the
aldehyde group into a ketone [20,26]. The required strong evidence for
the aldehyde assignment can be provided by spectral editing and 2D
NMR, see Fig. 6. Aldehydes are nearly unique as protonated carbons
resonating at >175 ppm. The CHn-only spectrum of Glc-1h-200-NA
(green trace in Fig. 6a) shows a small but distinct CH peak at 179 ppm.
The characteristically high chemical shift of the attached proton
(∼10 ppm) observed in the 1H-13C HetCor spectrum of Fig. 6b confirms
the assignment to an aldehyde. An EXPANSE 13C–13C cross peak at
(179, 152) ppm (inset in Fig. 6a) shows that the aldehyde is bonded to a
furan ring (H-C=O cannot substitute aromatic C-OH, which is only
bonded to aromatic carbons). This documents five of the six carbons of
HMF; the chemical shift of 152 ppm further suggests (see Fig. S7) that
the sixth carbon, the substituent of the other furan Cα, is sp3-
hybridized, as in HMF. The dipolar dephasing and cross peak widths in-
dicate that the HMF-like fragment is immobilized in the solid matrix.
Integration of the aldehyde peak and accounting for the other five car-
bons in HMF gives HMF concentrations as follows: Glc-1h-180-LA:
2.3%C; Glc-1h-200-NA: 2.9%C; Glc-5h-200-NA: 1.3%C. In summary,

Fig. 6. (a) Full (black line), dipolar-dephased (red), and CHn-only (by differ-
ence; green) 13C NMR spectra of Glc-1h-200-NA. The inset shows the character-
istic cross peak of the 179-ppm aldehyde O=CH in the EXPANSE spectrum. (b)
CHn-only edited 1H-13C HetCor spectrum obtained as the difference between a
0.08-ms CP HetCor spectrum and its counterpart after dipolar dephasing.

HMF accounts for 1–3 % of all carbon in the low-temperature, low-acid
materials, and for <1 % in the other six samples studied.

3.8. 2D exchange 13C NMR with long mixing times

Some previous hydrochar models suggested a core–shell structure of
the observed spherical particles, with a hydrophilic shell of ≥10 nm
thickness surrounding a hydrophobic, aromatic-rich core [9,10]. Two-
dimensional 13C NMR with 13C spin diffusion can be used to test if do-
mains of different composition, e.g., alkyl-rich vs. aromatic-rich, are in
close proximity to each other. We used 2D13C–13C correlation experi-
ments with a fairly long mixing time of 1 s at a moderate spinning fre-
quency of 7 kHz, which allows 13C magnetization to spread over a few
nanometers [54]. A one-dimensional horizontal slice at a specific fre-
quency, e.g., of a ketone, in the vertical dimension shows the spectrum
of the functional groups reached by magnetization from the ketone. Ma-
terials that are compositionally inhomogeneous on the 5-nm scale will
show various spectral patterns in their horizontal cross sections. Indis-
tinguishable patterns for magnetization originating from all kinds of
functional groups (ketones, COO, aromatic C-O, aromatic C-H, CH2, and
CH3) as observed in Fig. 7 and Fig. S14 document compositional homo-
geneity on the 5-nm scale. Accordingly, the core–shell hydrochar model
[9,10] can be rejected, at least for hydrochars made from soluble pre-
cursors.

4. Discussion

All the NMR spectra above, combined with elemental analysis by
combustion, provide the data required to deduce representative or
characteristic hydrochar substructures. In the following, evidence for
various important structural units and their interlinkages is discussed,
beginning with a review of the relative abundance of different func-
tional groups present in hydrochar and culminating in proposed repre-
sentative structural models containing these functional groups.

4.1. Abundant alkyl-bonded ketones

The 13C NMR spectra of all hydrochar samples shown here exhibit
significant ketone signals between 188 and 220 ppm. These were quan-
tified by integration and normalization to the total 13C NMR signal area
as summarized in Table 1. In the samples investigated here, ∼5–9% of
carbons are from ketone groups, implying that 15–25 % of all carbons
are ketones or bonded to ketones. The abundance of ketones explains
the numerous ketone-related cross peaks in the 2D spectra of Figs. 3 and
4. Increasing reaction temperature decreased the ketone fraction (e.g.,
180 °C: 8.9 ± 0.3 % → 200 °C: 7.8 ± 0.4 % → 280 °C: 5.8 ± 0.5 %).

4.2. Phenols vs. furans

Since hydrochar is both aromatic- and oxygen-rich, it contains abun-
dant aromatic C-O units, whose resonance near 150 ppm is often the
highest peak in the 13C NMR spectrum, see Fig. 1. Both furans and phe-
nols contain such aromatic carbons bonded to oxygen, resulting in over-
lapping signals and ambiguous peak assignment in unselective one-
dimensional NMR spectra. In some studies, the aromatic C-O peaks
were assigned to furans [26], in others to phenols or phenol ethers
[9,10]. In our study, advanced NMR approaches with hydroxyl-proton
selection (HOPS) have been applied to distinguish furans and phenols
from one another. Importantly, signals exclusive either to furans (Figs.
3a and 4) or to phenols (Figs. 2d and 5) are observed in the spectra of a
single hydrochar material, proving the coexistence of both types of aro-
matic rings. The presence of phenols also explains the OH signal de-
tected in FT-IR and reported in previous studies [20,55].

Apart from the shared aromatic C-O signal, furans and phenols actu-
ally show rather different overall spectral patterns and the appearance
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Fig. 7. (a) Two-dimensional 13C spin exchange spectrum of 13CGlc-1h-180-HA with a mixing time of 1 s. (b) Horizontal slices of the spectrum in (a) taken at the
indicated positions in the vertical dimension, scaled to the same maximum peak intensity; the chemical shift values of the vertical slices are indicated by the
same color code as the dashed lines in (a). From bottom to top, the (chemical shift, color, carbon) triples are: (208 ppm, purple, ketone C=O), (177 ppm, blue,
COO), (151 ppm, cyan, aromatic C-O), (121 ppm, dark green, aromatic C-H), (38 ppm, light green, CH2), (30 ppm, orange, levulinic acid CH3), and (12 ppm,
red, CH3). The corresponding, similar-looking figure for 13CGlc-1h-180-HA is shown in Fig. S14. Spinning frequency: 7 kHz. TOSS-based spinning sideband sup-
pression was used in both dimensions.

of specific secondary peaks can partially differentiate one from the
other. In quantitative 1D13C NMR spectra, furan rings always produce
two baseline-resolved peaks of equal intensity, one between 138 and
163 ppm, the other between 100 and 132 ppm. Accordingly, the 13C

NMR spectrum of a polymer consisting mostly of furan rings, polyfur-
furyl alcohol [56], shows nearly baseline resolution between C-O and
CH-C-O resonances centered near 155 and 110 ppm [57,58]. The furan
sub-spectrum obtained from the model in Fig. 8 (blue dashed lines)

Fig. 8. Possible reaction routes: (a) from glucose to an ortho-diphenol and a ketone-bonded enol or cyclic ketone, and (b) from levulinic acid and a furan to CH2-Cq

(C=O)(O)-CH3 with Cq resonating near 90 ppm.
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clearly confirms this pattern of two equal-area and baseline-resolved
peaks. This contrasts with the full spectrum of hydrochars, see Fig. 1,
which additionally shows strong intensity around 130 ppm that indi-
cates the presence of a significant arene component, an assignment that
includes phenols.

The signals from phenols, whose C-O sites account for only one or
two out of six aromatic carbons, are much more varied and spread out,
see Fig. S11, than the two peaks of furans. In a monophenol or para-
diphenol, the C-O peak between 145 and 165 ppm has only half of the
intensity of the signal of the neighboring (i.e., ortho) carbons resonating
between 100 and 135 ppm. In monophenols, three additional carbons
resonating between 115 and 142 ppm fill in the center of the aromatic-
signal range; ortho-diphenols contribute intensity near 143 ppm. The
arene/phenol subspectrum obtained from the model in Fig. 8 (red dash-
dotted line) confirms this.

4.3. Polyphenols

The HOPS-filtered DQ/SQ experiment introduced in this work pro-
vides compelling evidence for catecholic ortho-diphenols resonating
near 142 ppm. These were previously misassigned to furan-furan α−α

linkages [26] since both are symmetric, aromatic O-(C = )-(=C)-O
structures. HOPS proves HO-C-C-OH structures, which are not present
in furan rings. A mechanism for ortho-diphenol formation is proposed
below. Fig. S15 documents that furan α−α linkages would vary signifi-
cantly in resonance frequency (from about 133 to 157 ppm) depending
on the substitution of the two rings by ketones or other furan rings,
while the observed diagonal peak in the HOPS-filtered 2D spectrum of
Fig. 5 is less broad than this range. It is interesting to note that diphe-
nols have the same C:O ratio of 3:1 as the sample as a whole.

The HOPS spectra in Fig. 2d show the COH groups of ortho-
diphenols in a 1:1 ratio with single phenols. The spectra indicate that
both types of phenols are similarly generated at low and high tempera-
tures. Meta-di- and tri-phenols do not appear to be common; they have
characteristically extreme chemical shifts of 158 ppm and 103 ppm
(see Fig. S11), neither of which are prominently observed in our spec-
tra. Para-diphenols may be present since their chemical shifts resemble
those of monodiphenols except for a 4-ppm lower C-OH chemical shift
(see Fig. S11), which would actually explain the low-temperature hy-
drochar results better, while the 280 °C hydrochar shows the chemical
shift predicted for real monodiphenols. Signals compatible with 1,2,3-
triphenols are seen at moderate intensity levels in the HOPS-filtered 2D
spectrum of the 180 °C hydrochar, see Fig. 5, but not at all in that of the
280 °C hydrochar, see Fig. S13.

4.4. Furans

Unambiguous identification of furan signals in the presence of phe-
nols is achieved most convincingly in spectrally edited 2D13C–13C NMR
spectra. Here, furan rings show characteristic signals of aromatic C-O
bonded to C=O (in DQ/SQ spectra with dipolar dephasing, bottom of
Fig. 4), to CH2 and CH groups (in EXPANSE spectra, near the top of Fig.
3a and b), and to CH3 groups (in both types of 2D13C–13C spectra). All
of these are specific to furan C-O since phenol C-O is only bonded to
aromatic C. Furans also produce characteristic strong reductions in the
chemical shifts of ketones to which they are bonded [31], giving rise to
a strong shoulder around 190 ppm, see Fig. 2. The furan-bonded alde-
hyde characteristic of HMF has been resolved by spectral editing, see
Fig. 6 and Fig. S2, in hydrochars synthesized at low temperature and
acid concentration.

Furan chemical shifts are useful indicators of the furan substitution
pattern. The simulations in Fig. S6, Fig. S7, Fig. S9, and Fig. S15, sum-
marized in Tables S4-S8, indicate that electron-withdrawing groups
such as C=O and COO at furan-Cα’ and/or Cβ increase the Cα chemical

shift to >155 ppm, while electron-donating groups such as o-phenol or
CH2-R decrease it to <149 ppm.

4.5. Arenes

The presence of arene fragments is clearly established in the EX-
PANSE spectra. These exhibit signals of arene CH, resonating between
125 and 139 ppm, bonded to nonprotonated arene C that resonates be-
tween 123 and 140 ppm. In a simple 2D exchange spectrum without
spectral editing, the cross peaks from these carbons are hidden by the
large diagonal ridge and therefore cannot be convincingly identified.

Arenes are also proved by strong cross peaks near 140 ppm, the
characteristic frequency of substituted arene C, with alkyl C (near
40 ppm) in the EXPANSE spectra of Fig. 3 and near 135 ppm with C=O
groups (200 ppm) in the DQ/SQ spectrum of Fig. 4. These signals are
distinct from those of correspondingly substituted furan carbons, which
would resonate at <130 ppm (substituting furan-Cβ) or >147 ppm
(bonded to furan-Cα). The strong cross peaks between arenes and alkyl
substituents in Fig. 3 and with ketones in Fig. 4, as well as the full equi-
libration in the spectrum of Fig. 7, show that the arenes are incorpo-
rated into the rest of the structure and are not part of a distinct hy-
drochar core or shell. The arene fraction increases with increasing syn-
thesis temperature, corresponding to an increase in overall aromatic
content, see Table 1.

4.6. Alkenes

Alkenes (isolated C=C structures) are difficult to identify in unse-
lective 1D spectra because they resonate in the same spectral range
(110–160 ppm) as aromatic moieties. Furthermore, the abundances
and signals of alkenes tend to be relatively low since an individual
alkene contains only two carbons, while a furan ring contains four and
an arene, including a phenol, at least six. In principle, alkenes can
sometimes be identified in 1H-13C HetCor NMR via the lower chemical
shift (5–7 ppm) of their protons compared to arene (6.5–8.5 ppm) and
furan (6–7.5 ppm). However, in practice the alkene 1H NMR signals are
still difficult to detect since they tend to be overwhelmed by nearby aro-
matic signals, or the alkenes may be substituted.

Our spectral editing has revealed a few characteristic alkene signals.
Examples include = CH resonating near 150 ppm in CH- or CHn-only
spectra, and = C-OH bonded to a ketone in HOPS-filtered DQ/SQ spec-
tra, see Fig. 5. Two peaks near (105 ppm, 203 ppm) in the EXPANSE
spectrum of Fig. 3a also suggest alkene structures (O-C=CH-C=O). All
alkene signals are much reduced in the high-temperature hydrochar
sample, consistent with the thermal reactivity of alkenes.

4.7. Alkyl linkers

Hydrochars, even those made at high temperature, always contain a
significant fraction of sp3-hybridized CH2 and CH groups. The EX-
PANSE spectrum in Fig. 3 shows strong signals of CH2 groups bonded to
ketones, furans, and arenes. This indicates that aromatic rings and alkyl
segments are connected on the scale of individual bonds. In Fig. 3, spe-
cific signals of CH2 groups linking furan rings and C=O groups are de-
tected.

4.8. Formation of distinctive structures in low-temperature 13CGlc-
hydrochar

Diverse structural features such as alkenes and nonprotonated car-
bons at 90 ppm are detected in the low-temperature high-acidity sam-
ple, 13CGlc-1h-180-HA, more so than in the high-temperature hy-
drochar. These structures are not changed much when the acid concen-
tration is altered (see Fig. S2). In the following, these moieties and po-
tential pathways for their formation are discussed in more detail.
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In the HOPS-filtered dipolar-dephased DQ/SQ spectrum of Fig. 5, a
ketone-stabilized enol structure, arene-C(=O)-C(OH)=C, can be recog-
nized. It has been proposed that a ketone-stabilized enol can form by al-
dol addition/condensation of HMF molecules [49]. Another possible re-
action mechanism that accounts for the formation of this structure is
depicted in Fig. 8a. It accompanies the formation of an ortho-diphenol
via a [4 + 2] Diels-Alder reaction of, for example, a 1-mono-ene and a
1,3-di-ene easily obtained from the isomerization and dehydration of
glucose.

Another distinctive feature of low-temperature hydrochar is 90-ppm
ether O-Cq bonded to ketone, methylene, and methyl groups. Fig. 8b
shows how it can form by nucleophilic addition of a furan-Cα to the ke-
tone of levulinic acid. The chemical shift of the resulting quaternary
carbon of the five-membered cyclic intramolecular ester has been con-
firmed by empirical chemical-shift simulation, which predicts a peak
position of 90 ± 4 ppm. The lack of an OH group bonded to this carbon
is in good agreement with the absence of this 90-ppm peak from the
HOPS spectrum in Fig. 2d.

4.9. Effects of hydrothermal synthesis conditions on structure

It has been documented in the literature that hydrothermal car-
bonization can be affected by the precursor, time, acidity, and tempera-
ture of reaction [6–8]. In this work, the overall line shapes of quantita-
tive 13C spectra have been shown to be similar for samples produced
under various conditions, see Fig. 1 and Fig. S2, indicating that a simi-
lar basic structure holds for all the hydrothermally carbonized samples.
Increasing reaction time to over 1 h produces only very limited changes
in composition (see Fig. S4). Acidity and synthesis temperature moder-
ately alter structural details: increasing acid concentration decreases
HMF and increases levulinic acid concentration, while increasing tem-
perature can preferentially induce the formation of arene rings and re-
duce nonprotonated carbons resonating near 90 ppm.

4.10. Homogeneity on the 5-nm scale

In electron micrographs, hydrochar usually reveals a characteristic
spherical-particle structure [9,10]. Detailed features have been inter-
preted in terms of an aromatic–aliphatic core–shell model with a shell
thickness ≥10 nm [9,10]. The 2D13C exchange spectra of hydrochar in-
dicate compositional homogeneity on the 5 nm scale and thus do not
support models with a large-scale compositional domain structure. 13C
magnetization from alkyl segments or ketones equilibrates with that of
aromatic rings within 1 s. The observed homogeneity justifies the de-
velopment (see below) of representative structural models containing a
few hundred carbon atoms; if domains were observed, each domain
would have to be modeled separately.

4.11. Development of representative structural models

The 1D and 2D NMR experiments with spectral editing presented
here have identified many functional groups and their proximities to
other structural fragments. These include monophenols and ortho-
diphenols, furans with nonprotonated Cα, e.g., linked to alkyl segments,
protonated furan Cβ bonded to nonprotonated Cα and Cβ, arenes linked
to alkyls, arene CH-Cnp near C=O and aromatic C-O, C=O linking
arenes with arenes and with alkyls, etc. In addition, levulinic acid or
fragments of closely related structures are present in glucose hydrochar,
in particular when synthesized at low temperature [26].

On the basis of these components, we have constructed various re-
lated model structures that are consistent with the elemental composi-
tion from combustion analysis and calculated the chemical shifts for all
the carbons in the structure, using the ACD/NMR Predictor software.
From the chemical shifts, simulated spectra were generated, with realis-
tic line broadening, and compared with the experimental quantitative

13C spectra [3,4]. Based on the degree of disagreement or similarity, we
can rule out many models and identify one or a few good representa-
tions of a hydrothermal carbon sample. The uncertainty in the chemical
shift predictions that the software provides (typically ±8 ppm) roughly
matches the Gaussian line broadening applied to the simulated spectra.

Fig. 9 shows a structural model of 13CGlc-1h-180-HA whose ele-
mental composition matches the data from combustion analysis and
corresponding simulated 13C NMR spectra without and with dipolar
dephasing. The corresponding analysis for 13CGlc-5h-280-NA is shown
in Fig. 10. The models contain phenols (marked red), furans (blue),
an arene ring (green) and the appropriate amounts of ketone, alkyl
CH2, CH, OCH, and OCqO linkages to match the experimental spectra.
A levulinic acid molecule is also included with 13CGlc-1h-180-HA.
The sub-spectra of furan rings (dashed blue lines) and phenols plus
arenes (dash-dotted red lines) are included in parts b) and c) of Fig.
9.

While various fragments could be moved around within the model
without greatly altering the agreement between simulated and experi-
mental spectra, the relative abundances of different moieties are con-
strained by the overall line shape in the quantitative spectrum. This in-
cludes the ratio of furan to arene (including phenol) rings, which is 7:6
in the model for 13CGlc-1h-180-HA, corresponding to a 28:36 carbon
ratio; thus, carbons in phenol rings are slightly more abundant than
those in furan rings, which contradicts earlier assignments [26] made
without the use of the HOPS NMR technique to disambiguate furan
from phenol. The model also shows that at this low synthesis tempera-
ture, most arene C is part of phenol rings; there is more than one phenol
OH per arene ring, on average.

Fig. 9. (a) Representative structural model of 13CGlc-1h-180-HA, whose for-
mula matches elemental composition from combustion analysis (upper left cor-
ner), with phenol rings in red and furan rings in blue. Dashed lines are bonds to
units outside the structure shown here. (b, c) Corresponding simulated spectra
of (b) all carbons and (c) nonprotonated C and (with reduced intensity) CH3.
Experimental spectra: solid black lines; simulations: thick dashed purple lines.
Red dash-dotted lines: Subspectra of phenol and other arene rings; blue dashed
lines: subspectra of furans in the model. Dashed lines in the model indicate
bonds connecting to other, similar ∼130-carbon units. The model also incorpo-
rated levulinic acid as shown. ssb: spinning sidebands.
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Fig. 10. (a) Representative structural model of 13CGlc-5h-280-NA, with phenol
rings in red and furan rings in blue. Dashed lines are bonds to units outside the
structure shown here. (b, c) Corresponding simulated spectra of (b) all carbons
and (c) nonprotonated C and CH3. The contribution of the fused-ring system
(green) was scaled by a factor of 0.82 relative to the matrix. Experimental
spectra: solid black lines; simulations: thick dashed purple lines. Red dash-
dotted lines: Sub-spectra of phenols; blue dashed lines: sub-spectra of furans in
the model.

The model proposed for 13CGlc-5h-280-NA, also consistent with ele-
mental analysis, in Fig. 10 includes a cluster of fused arene rings that
contribute 11 % of all carbons. The ratio of furan to phenol rings (in-
cluding several diphenols) is 10:7, corresponding to a 40:56 carbon ra-
tio; thus, carbons in phenol rings are again slightly more abundant than
carbons in furans.

4.12. Test of hydrochar models in the literature

The quantitative 13C NMR spectra obtained here and the simulation
of spectra from structural models also enable tests of hydrochar models
previously proposed in the literature. Fig. 11 presents comparisons be-
tween spectra simulated for three highly cited hydrochar models
[10,16,25] and our quantitative measured spectra. For the arene-rich
models, the comparison is made with arene-rich hydrochar produced at
280 °C, and for the furan-rich model with hydrochar synthesized at the
lower temperature of 180 °C. The converse comparisons are shown in
Fig. S16, which also displays the complete model structures that were
too large to be included in Fig. 11.

Unlike the newly proposed models in Figs. 9 and 10, each of the lit-
erature models in Fig. 11 contains glaring discrepancies with experi-
ment that relate to well-known major chemical shift trends. Any model
of glucose hydrochar must contain abundant aromatic C-O to match the
strong peak near 150 ppm; the models in Figs. 11a and b have too little.
All three models lack ketones bonded to two sp3-hybridized carbons
producing the peak near 208 ppm, ortho-diphenols contributing
strongly near 143 ppm, or quaternary carbons revealed by dipolar de-
phasing. One must conclude that none of the fits is satisfactory, mean-
ing that this analysis rules out all three models, both for low- and high-
temperature hydrochars.

Beyond the discrepancies apparent in the comparison of the 1D
spectra, the three models also lack features that can only be resolved by
spectral editing of overlapping peaks from different types of structures,
like phenols from furans. For instance, many of the phenolic ethers in
the model of Fig. 11a would have to be replaced by phenols terminated
by the OH groups detected by HOPS NMR.

The structures shown in Figs. 9 and 10 are therefore a clear advance
compared to the previous state of knowledge, as shown in Fig. 11.
While some superficial similarities exist, the new structures differ from
those previously reported in the literature in several key ways. For in-
stance, none of the previous models accurately captures the relative im-
portance of furans and arenes in hydrochar. While furans and arenes
are both aromatic, they are expected to interact differently with adsor-
bates [59] and to have different thermal and oxidative stabilities
[23,59]. Diels-Alder reactions are a potential way to modify hy-
drochars, and here furans and arenes are expected to behave entirely
differently from one another [60]. Similarly, the level of aromatic fu-
sion – which had been a source of disparity in the literature – is now
clarified. Un-fused structures have been found for low-temperature hy-
drochar, not unexpectedly, whereas high-temperature hydrochar con-
sists of a hybrid structure with unfused and some fused aromatic por-
tions. Aromatic fusion may play a role in adsorption and plays a deter-
mining role in environmental stability [61].

Finally, totally new features have been revealed by the current
analysis that were completely missing from previously proposed hy-
drochar structures, including ortho-diphenols, aldehydes, and alkene-
bearing groups. Non-phenolic arene compounds are now thought to oc-
cur rarely in hydrochar made at low temperature. Further, oxygen-
containing functional groups such as ortho-diphenols are expected to
play a key role in adsorption phenomena; the identification of specific
groups provides clear targets for future simulation and designer synthe-
sis studies. Alkenes and aldehydes provide reactive targets for hy-
drochar functionalization, a technique which can be useful for confer-
ring specific properties to hydrochar and other carbon materials
[62,63]. Whereas previous work in these areas could be guided by intu-
ition and performed using trial and error techniques, the new structures
– and methods – reported here permit for rational design of hydrochars,
an advance that can reasonably be expected to aid future efforts in this
area.

5. Conclusions

The chemical structures of nine 13C-enriched glucose hydrochars
prepared at various temperatures, acidities, and synthesis times were
investigated by advanced solid-state 13C NMR. All hydrochars studied
share a base structure consisting of phenols, furans, ketones, and non-
polar alkyl CH2 and CH. Comprehensive spectral editing, also of 2D
NMR spectra, revealed specific structural features such as ortho-
diphenols, ketone-stabilized enols, methylene-linked furans and C=O,
and OCq likely in a cyclic ester. The simultaneous presence of both fu-
rans and phenols, including ortho-diphenols, which are difficult to dis-
tinguish without spectral editing, was proved through hydroxyl-proton
selection combined with 2D NMR. Processing time beyond 1 h did not
change the NMR spectra significantly. At the lower temperatures (180
and 200 °C), some alkenes form, but these are not observed at higher
synthesis temperature (280 °C), where instead arene structures become
more abundant and begin to fuse into polycyclic aromatic hydrocarbon
subunits. The previously proposed core–shell model of hydrochar mi-
crospheres is not supported by NMR with 13C spin diffusion. Compre-
hensive representative structural models conveniently display the
structural information obtained from the advanced NMR experiments,
while many aspects of models previously proposed in the literature can
be ruled out. The detailed models provided here are expected to permit
rational design of hydrochars for specific purposes.
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Fig. 11. Comparison of quantitative 13C NMR spectra of hydrochars (in black; thin lines: after dipolar dephasing) with spectra predicted (in red, dashed) based on
models from the literature, in (a) ref. [10], (b) ref. [25], and (c) ref. [16]. Characteristic parts of each model are shown. The full model structures used in the simula-
tions are presented in Fig. S16. For the arene-rich models in (a) and (b), comparison is made with high-temperature, 13CGlc-5h-280-NA, hydrochar, while the furan-
rich model in (c) is compared with low-temperature, 13CGlc-1h-180-HA, hydrochar. Pronounced discrepancies are marked by arrows. The discrepancies in the con-
verse comparisons are even larger, see Fig. S16.
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