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Oxygen-rich microporous carbons with exceptional
hydrogen storage capacity
L. Scott Blankenship1, Norah Balahmar1 & Robert Mokaya1

Porous carbons have been extensively investigated for hydrogen storage but, to date, appear

to have an upper limit to their storage capacity. Here, in an effort to circumvent this upper

limit, we explore the potential of oxygen-rich activated carbons. We describe cellulose

acetate-derived carbons that combine high surface area (3800m2 g−1) and pore volume

(1.8 cm3 g−1) that arise almost entirely (>90%) from micropores, with an oxygen-rich nature.

The carbons exhibit enhanced gravimetric hydrogen uptake (8.1 wt% total and 7.0 wt%

excess) at −196 °C and 20 bar, rising to a total uptake of 8.9 wt% at 30 bar, and exceptional

volumetric uptake of 44 g l−1 at 20 bar, and 48 g l−1 at 30 bar. At room temperature they store

up to 0.8 wt% (excess) and 1.2 wt% (total) hydrogen at only 30 bar, and their isosteric heat

of hydrogen adsorption is above 10 kJ mol−1.
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H
ydrogen is attractive as a fuel to replace petrol in motor
vehicles as part of the drive towards the anticipated
hydrogen economy. Compared to currently used fossil

fuels, hydrogen has advantages that make it more favourable as a
fuel, including being potentially renewable and environmentally
friendly (the sole by-product of hydrogen combustion or elec-
trochemical oxidation is water, which would reduce CO2 emis-
sions), and having a high gravimetric energy density1–3. However,
the widespread storage, transportation and application of
hydrogen as a practicable vehicular fuel is severely limited by
technological obstacles related to the absence of viable hydrogen
storage systems. For this reason, the storage of hydrogen in solid
state materials is currently attracting a great deal of attention4.
Materials that have high surface area such as porous carbons5–12,
metal organic frameworks (MOFs)13–17 and covalent organic
frameworks (COFs)18,19, have recently been the subject of intense
study as potential stores for vehicular hydrogen storage. To date,
studies suggest that the most important factors in determining
adsorptive hydrogen uptake in porous materials are surface area,
pore volume and pore size. In particular, many studies have
shown a link between the surface area and amount of hydrogen
stored in solid state materials7–9,13–19. It is now known that solid
state materials that have micropores of size typically below 9 Å,
combined with a high surface area, have the highest hydrogen
storage levels7–9,13–27. The search for suitable hydrogen stores is
typified by recent trends in MOFs and COFs wherein samples
with surface area of up to 7000 m2 g−1 have been reported16,17,28.
These high surface area MOFs and COFs are reported to have
some of the highest hydrogen uptakes16,17,28. However, the
amount of hydrogen stored in these and other high surface area
materials is still severely limited by the weak interaction between
molecular hydrogen and the surface of their pore walls. An ideal
hydrogen storage material would have both high surface area and
enhanced interaction with the adsorbed (i.e., stored) hydrogen
molecules.

The weak interaction between adsorbed hydrogen and most
porous materials can be improved via functionalisation of the
surface of the pores. Porous carbons, in particular, lend them-
selves well to such functionalisation, and we and others have
recently investigated the effect on hydrogen uptake of doping
various heteroatoms onto carbon29–35. A question that has not
been investigated is the effect of the level of oxygen content in
porous carbons on hydrogen storage. This is a difficult question
to investigate because carbons generally tend to contain a sig-
nificant amount of oxygen. To date, no proper attention has been
paid to the likely effects of the presence of elevated amounts of
oxygen on the hydrogen storage capacity of porous carbons.
Several studies have, however, hinted at positive effects on atomic
hydrogen storage emanating from the presence of certain oxygen-
containing functional groups on the surface of carbons36–39. For
example, Yang et al.36–38 reported that the hydrogen storage
capacity of metal-doped carbons could be significantly enhanced
by introducing surface oxygen functional groups. It has also
recently been reported that O-doping improves hydrogen storage
capacity of pillared graphene boron nitride39. Although these
previous studies are mainly related to adsorption of atomic
hydrogen, it is of interest to experimentally probe the effect of
elevated levels of oxygen content on physisorption-based hydro-
gen storage capacity of highly porous carbons.

Of greater relevance, therefore, to the present work are studies
that have sought to determine the effect of oxygen content on the
molecular hydrogen uptake of carbons, and which however offer
contradictory conclusions40–45. The findings of Agarwal et al.40,
that the hydrogen uptake of carbons increases with oxygen
content are at odds with the claims of Huang et al.41, that for
oxidised carbon surfaces, the hydrogen uptake reduces for higher

levels of oxygen-containing functional groups. Schimmel et al.42,
also concluded that the presence of oxygen exerts a negative
influence on hydrogen uptake due to reduction in the amount of
accessible aromatic C–C bonds. On the other hand, Llorens and
Pera-Titus43 found that the presence of oxygen functional groups
had no effect on the surface heterogeneity of carbons and thus did
not influence the hydrogen–carbon sorption interaction. How-
ever, it is worth noting that, notwithstanding the conflicting
conclusions, these previous studies were performed on carbon
materials where both the oxygen content and textural properties
varied such that increase in oxygen content effected changes to
surface area, pore size and pore volume. Indeed, a theoretical
study by Georgakis et al.44. concluded that the presence of oxygen
functional groups within the pore channels can cause steric
hindrances that limit the space available for storage of hydrogen.
Similarly, Takagi et al.45 concluded that oxygen-containing
functional groups can block the micropores that are responsible
for hydrogen uptake. Variability in both oxygen content and pore
size is not ideal for studies aimed at determining the effect of the
former. Given the well-established critical role played by pore size
in determining H2 uptake, one way to eliminate any ambiguities
about the effect of oxygen content is to experimentally determine
how the amount of oxygen affects H2 uptake in carbons with
similar pore size or porosity. As far as we know, there have been
no such studies that probe the effect of oxygen content in a set of
carbon materials with identical or closely matched pore size.
Perhaps the most rigorous study to date is that of Tellez-Juarez
et al.46. However, the oxygen content range in that study was
2–11 wt%, which is typical for activated carbons, which means
that the upper limit of oxygen content was too low to properly
probe the effect of oxygen-rich carbon surfaces.

In this study, therefore, we exploited the relationship between
the type of carbon precursor and nature of final activated carbon
to generate a set of porous carbons that simultaneously combine
high surface area and high level of microporosity along with a
high oxygen content but have similar pore size. We investigated
the characteristics of the oxygen-rich carbons and their hydrogen
uptake properties and compared them to current benchmark
porous carbon and MOF materials.

Results
Elemental composition and nature of carbon. In order to probe
the effect of surface oxygen on the hydrogen uptake properties of
porous carbons, we designed our carbon synthesis methods
towards generating materials with a high oxygen content. For this
reason, we used cellulose acetate, which is designated as CA (and
has O/C atomic ratio of 0.93) as starting material rather than, for
example, cellulose which has an O/C ratio of 0.83. Previous
reports have shown that the oxygen content of biomass reduces
following hydrothermal carbonisation (HTC) to hydrochar with
the decrease being greater at higher HTC temperature47–49. The
oxygen content reduces further when the hydrochar is activated

Table 1 Elemental analysis of cellulose acetate-derived CA-
hydrochar and activated carbons derived from the CA-
hydrochar

Sample C (%) H (%) O (%) (O/C)a (H/C)a

CA-hydrochar 66.2 3.9 29.9 0.339 0.707

CA-4600 76.1 1.1 22.8 0.225 0.173

CA-4700 81.4 0.7 17.9 0.165 0.103

CA-4800 78.3 1.1 20.6 0.197 0.169

aAtomic ratio
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with KOH with the extent of the decrease being greatest at higher
activation temperature5,7. We therefore performed HTC of cel-
lulose acetate at 250 °C in order to maximise the carbon yield
whilst retaining a significant amount of oxygen. As shown in
Table 1, the atomic O/C ratio of the resulting hydrochar (desig-
nated as CA-hydrochar) was 0.339 compared to 0.93 for cellulose
acetate. However, it is noteworthy that the O/C ratio of the CA-
hydrochar (0.339) is higher than a ratio of 0.263 for hydrochar
derived from cellulose (designated as C-hydrochar) under similar
HTC conditions (Supplementary Table 1)7. Table 1 also shows
the elemental composition of the activated carbons obtained from
the CA-hydrochar (designated as CA-4T carbons, where 4 is the
KOH/hydrochar ratio and T is activation temperature in °C). The
values given in Table 1 are the average of three measurements. As
expected the elemental C content increases on activation of the
CA-hydrochar but the increase is somewhat lower than what is
typically observed for activation of biomass derived hydrochar5,7,
with the consequence that the oxygen content remains high in the
range of 18–23 wt% compared to ~30 wt% for the CA-hydrochar.
This means that the O/C atomic ratio reduces from 0.339 for the
CA-hydrochar to 0.225 (CA-4600), 0.165 (CA-4700) and 0.197
(CA-4800). The oxygen content of the cellulose acetate-derived
CA-4T activated carbons is much higher than that of cellulose-
derived carbons (Supplementary Table 1) prepared in a com-
parable manner7. (The cellulose acetate-derived CA-4T carbons
were prepared under similar conditions to the C-4T carbons from
cellulose except that the activation time of the former was 2 h
compared to 1 h for the latter. We have used the C-4T samples as
a baseline, and to highlight the extent to which differences in the
final activated carbon depend on the choice of precursor; cellulose
or cellulose acetate). The oxygen content of the cellulose-derived
carbons ranges between 4.4 and 11.5 wt% compared to 18–23 wt
% for the CA-4T samples (Supplementary Table 1). Thus the O/C
ratio of cellulose-derived C-4T carbons is also much lower at
0.035–0.1 compared to 0.165–0.225 for the CA-4T samples. The
elemental analysis data therefore show that the use of cellulose
acetate-derived hydrochar as precursor generates activated car-
bons with much higher oxygen content compared to the use of
cellulose-derived hydrochar. We note that direct activation of
cellulose acetate was unsuccessful as no yield was obtained under
our activation conditions.

We confirmed that both the CA-hydrochar and CA-4T
carbons were entirely carbonaceous by performing thermogravi-
metric analysis (TGA) in air; the samples were burnt up with
virtually no residual mass at 700 °C (Supplementary Fig. 1).

Similar to previous reports, the activated carbons have higher
thermal stability compared to the hydrochar50–52. The CA-
hydrochar has a burn off maximum of between 300 and 450 °C,
while for the CA-4800 activated carbon the burn off maximum is
at ca. 550 °C (Supplementary Fig. 1). The powder XRD pattern of
the CA-hydrochar (Supplementary Fig. 2) shows a very broad
feature centred at 2θ≈ 22°, which is characteristic of non-
graphitic carbon. Likewise the XRD patterns for the CA-4T-
activated carbons (Supplementary Fig. 2) are relatively featureless,
which indicates that the nature of the carbon in the samples is
amorphous with few, if any, graphitic domains. That the CA-4T
carbons are not graphitic is also evidenced by the Raman spectra
shown in Fig. 1, which exhibit bands at 1345–1355 cm−1 and
1582–1588 cm−1 from the D-peak (disordered carbon) and the G-
peak (graphitic domains), respectively53. The ratio of peak
intensity (i.e., area) of the D-peak to G-peak (ID/IG ratio) is
0.85 for CA-4600, 0.94 for CA-4700 and 1.00 for CA-4800. The
ID/IG ratio of 0.85–1.00 is consistent with the non-graphitic
nature of the carbons53. We ascribe the increase in the ID/IG ratio
for activated carbons prepared at higher temperature to greater
disruption of graphitic domains as a result of increased level of
activation. The carbon yield from cellulose acetate to the CA-
hydrochar was ca. 41%, which is similar to what has previously
been reported7,48,49. The yield of activated carbons from the
hydrochar varied between 20% (at 700 and 800 °C) and 35% (at
600 °C), which is in agreement with previous studies7,48,49.

Porosity. The data discussed above confirm that the CA-4T
carbons are oxygen rich with low levels of graphitisation. To be
useful as hydrogen storage materials, the carbons also need to
exhibit a high level of porosity that mainly arises from
micropores7–9,13–27. The porosity of the carbons was probed
using nitrogen sorption analysis. The nitrogen sorption isotherms
of the activated carbons are shown in Fig. 2a. All three samples
exhibit type I isotherms that are typically obtained for micro-
porous materials54. The amount of nitrogen adsorbed, which is a
measure of porosity in the carbons, rises significantly as activation
temperature changes from 600 to 700 °C, and then decreases for
the sample prepared at 800 °C. However, there is very little
change in the shape of the isotherms suggesting that despite the
large increase in porosity, the level of microporosity is main-
tained. Increase in overall porosity in activated carbons is nor-
mally associated with a change in the shape of the isotherm, and
especially widening of the adsorption knee5,7,55–60.

The textural properties of the CA-4T carbons are summarised
in Table 2. The apparent surface area (hereinafter referred to
simply as surface area) rises from 2001m2 g−1 for sample CA-
4600 to a high of 3771 m2 g−1 for CA-4700 and then reduces to
2864 m2 g−1 for CA-4800. It is noteworthy that sample CA-4700
has one of the highest surface areas ever reported for activated
carbons24,55,57,61,62. The pore volume follows a similar trend,
rising from 0.95 cm3 g−1 for sample CA-4600 to 1.75 cm3 g−1 for
CA-4700 and then reduces to 1.54 cm3 g−1 for CA-4800. What is
remarkable is that despite their very high surface area and pore
volume, the carbons exhibit a very high level of microporosity; for
sample CA-4600, 90% of surface area arises from micropores,
while for samples CA-4700 and CA-4800, the proportion of
surface area from micropores is higher at 92%. The proportion of
pore volume that arises from micropores is also very high at 83%
for CA-4600 and 88% for both CA-4700 and CA-4800. It is
particularly noteworthy that 92% (3484 m2 g−1) of the extremely
high apparent surface area of 3771 m2 g−1 for sample CA-4700
arises from micropores. As far as we are aware, this is the highest
micropore surface area (3484 m2 g−1) and proportion (92%) of
area arising from micropores ever reported for an activated
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Fig. 1 Raman spectra of activated carbons prepared from cellulose acetate.

The activated carbons are labelled as CA-4T, where 4 is the activation

KOH/carbon ratio and T is the activation temperature in °C
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carbon24,55,57,61,62. We have previously reported on activated
carbons that exhibit a high proportion of microporosity, but those
samples tended to have lower levels of surface area (i.e.,
<2500 m2 g−1)63. The high level of microporosity in the CA-4T
carbons is also evident from the pore size distribution curves in
Fig. 2b. The pore size distribution for all three samples is similar;
the carbons have mainly micropores consisting of ultramicro-
pores of size 6–7 Å, small micropores (8.5 Å) and some medium-
sized micropores centred at ca. 12 Å (Table 2). The carbons have
only a small proportion of pores with size larger than 20 Å, which
is consistent with their very high microporosity. The particle
morphology of the CA-4T carbons is similar to that typically
observed for activated carbons (Supplementary Fig. 3). The
morphology is of particles with mainly smooth surfaces and large
conchoidal cavities, which is consistent with what has previously
been observed for hydrochar-derived activated carbons5,7. How-
ever, depending on the projection, sample CA-4700 does appear
to have some particles with less smooth surfaces which may hint
at either an effect of activation temperature on the morphology or
a characteristic of it’s very high microporosity.

We compared the porosity of the cellulose acetate-derived CA-
4T carbons with that of similarly prepared cellulose-derived
activated carbons (Supplementary Table 2). We first note that the
trend in porosity as a function of activation temperature is similar
for both sets of sample, i.e., an increase from 600 to 700 °C and
then a decrease for activation at 800 °C. CA-4600 and C-4600

carbons activated at 600 °C have very similar porosity, i.e.,
apparent surface area of ca. 2000 m2 g−1, micropore surface area
of ca. 1800 m2 g−1 while pore volume and micropore volume are
almost identical at 0.95 and 0.8 cm3 g−1, respectively. The
nitrogen sorption isotherms of the two 600 °C samples are very
similar (Supplementary Fig. 4a). The pore size distribution is also
similar (Supplementary Fig. 4b), except that the cellulose acetate-
derived CA-4600 sample has an ‘extra’ pore maximum centred at
6 Å, which is not present to the same extent for the cellulose-
derived C-4600 sample. For activation at 700 °C (Supplementary
Fig. 5), the cellulose acetate-derived CA-4700 carbon has much
higher surface area (3771 m2 g−1) and pore volume (1.75 cm3 g−1)
compared to the cellulose-derived C-4700 sample (2370 m2 g−1

and 1.08 cm3 g−1, respectively). Thus the surface area and pore
volume of the cellulose acetate-derived CA-4700 sample are 60%
higher than for the equivalent carbon from cellulose. However,
despite this great difference in the overall porosity, the level of
microporosity is similar for the two samples at 92% of surface
area and 88% of pore volume. The shape of isotherm is similar for
the two samples (Supplementary Fig. 5a) and their pore size
distribution is comparable (Supplementary Fig. 5b), except for an
extra pore maximum centred at 7 Å for the cellulose acetate-
derived CA-4700 sample. A similar trend is observed for
activation at 800 °C, with the cellulose acetate-derived carbon
having higher porosity and the presence of ultramicropores at 6 Å
compared to the cellulose-derived analogue (Supplementary Fig. 6).

Table 2 Textural properties and H2 uptake of cellulose acetate-derived activated carbons

Sample Surface areaa

(m2 g−1)
Pore volumeb

(cm3 g−1)
Pore sizec (Å) H2 uptaked,e

(wt%) (g l−1)e

1 bar 20 bar 30 bar 20 bar 30 bar

CA-4600 2001 (1790) 0.95 (0.79) 6/8.5/12 3.1 (3.1) 6.2 (5.6) 6.7 (5.8) 44 (40) 48 (41)

CA-4700 3771 (3484) 1.75 (1.54) 7/8.5/12 3.9 (3.9) 8.1 (7.0) 8.9 (7.2) 37 (32) 41 (33)

CA-4800 2864 (2662) 1.32 (1.17) 6/8.5/12 3.4 (3.4) 6.8 (6.0) 7.3 (6.1) 41 (34) 41 (34)

The values in the parenthesis refer to:
amicropore surface area
bmicropore volume
cPore size distribution maxima obtained from NLDFT analysis
dGravimetric (wt%) and volumetric (g l−1) H2 uptake at −196 °C and various pressures (i.e., 1, 20 or 30 bar)
eThe values in parenthesis are excess H2 uptake
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The extremely high apparent surface area and micropore
surface area of sample CA-4700 appears to be unique amongst
high surface area porous carbons24,55,57,61,62. We, therefore,
compared the porosity of sample CA-4700 to that of analogous
activated carbons derived from hydrochars of other biomass
precursors, namely, glucose5,7, starch5,7, eucalyptus sawdust5,7,
furfural5, lignin56, jujun grass and Camellia Japonica50, and also
activated carbon derived from carbon nanotube superstruc-
tures57, all prepared under similar activation conditions, i.e., at
700 °C and KOH/carbon ratio of 4 (Supplementary Fig. 7 and
Supplementary Table 3). In all cases, the cellulose acetate-derived
CA-4700 carbon exhibits much higher surface area and pore
volume than all these other carbons. Thus in addition to
generating oxygen-rich carbons, cellulose acetate as a precursor
also offers much higher overall porosity whilst retaining a high
level of microporosity and in particular small ultramicropores of
size 6–7 Å.

Oxygen functional groups. The elemental composition discussed
above indicates the presence of high oxygen content in the CA-4T
carbons in a manner that is atypical of biomass-derived activated
carbons. We used IR spectroscopy to probe the nature of oxygen
functional groups on the CA-4T carbons. The IR spectra of the
CA-hydrochar and the activated carbons are shown in Fig. 3a.
The spectra of both the CA-hydrochar and activated carbons
show the C–OH stretch band at ca. 3430 cm−1, and C–OH bend
band at ca. 1630 cm−1 7,48,49,64,65. The spectra of the activated
CA-4T carbons also exhibit other peaks attributable to C–O
vibrations at 1380 cm−1 (sharp peak) and at 1115 and 1025 cm−1
7,48,49,64,65. The spectra are consistent with the fact that the
activated carbons are oxygen-rich with low amounts of H. When
compared to the IR spectra of the CA-hydrochar, the CA-4T
samples do not exhibit C–H peaks at ca. 2850 and 1450 cm−1,
which is consistent with their lower H content (Table 1). We also
note that the spectra of the CA-4T samples do not show a clear
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C=O peak at 1710 cm−1, which is present both for the CA-
hydrochar (Fig. 3a) and activated carbons derived from sawdust
(Supplementary Fig. 8)55. The IR spectra confirms the presence of
oxygen functional groups, which is consistent with the high
oxygen content of the carbons. The IR spectra also show that the
CA-4T carbons do not possess any adventitious organic
molecules.

To further probe the nature of the oxygen in the CA-4T
carbons we performed X-ray photoelectron spectroscopy (XPS).
XPS is able to detect which elements are present on the surface of
the carbons and how they are bonded to each other. Wide scans
were used to quantify the surface elements detected, and only
oxygen and carbon were present in detectable quantities as shown
in Fig. 3b. The spectra (Fig. 3b) show that both the CA-hydrochar
and CA-4T activated carbons contain significant amounts of
oxygen on their surface36,48,65–67, but that the O-content is lower
in the activated carbons. The surface oxygen contents (wt%)
estimated from XPS are 20.7% (CA-hydrochar), 14.3% (CA-
4600), 13.8% (CA-4700) and 14.8% (CA-4800). These values are
lower than the O-content obtained via CHN analysis and may
suggest that the surface of the CA-hydrochar and activated
carbons are somewhat depleted of oxygen when compared to the

bulk. However, it should be noted that most of the surface of the
CA-4T carbons is internal (i.e., within the pore channels), and
therefore not directly probed by XPS, which may explain the
difference in oxygen content when compared to CHN analysis
data.

To obtain higher-resolution XPS spectra, the survey scans were
charge corrected to C 1s at 284.5 eV and peak fitted. With the
high-resolution spectra it is possible to estimate how much
carbon is bonded to oxygen. Figure 4 shows the peak models used
for C 1s and O 1s to identify the extent of carbon bonding to
oxygen. The atomic % estimated from the high-resolution spectra
with a peak fit to define relative amounts of C bonded to oxygen
yield ratios of O:C bonded to oxygen of close to 3:1 for the CA-
hydrochar, and 1:1 for the activated CA-4600 and CA-4800
carbons. As shown in Fig. 4, the O 1s spectra of the CA-
hydrochar is dominated by two components at 531.8 and
533.2 eV. These components have previously been considered as
consistent with O–C=O, which may explain the >1 ratio of
oxygen bonded to C for the CA-hydrochar36,48,65–68. On the
other hand, for the CA-4T carbons, the O 1s peaks appear to
consist of four components that suggest the presence of other
C–O bonding such as COOH and C–OH, which is consistent
with assignment in previous reports36,48,65–68. The four compo-
nents, and likely bonding, are consistent with a 1:1 ratio of
oxygen bonded to C. The C 1s peak fits are consistent with the
presence of C–OH/O–C=O groups on the surface of both the
hydrochar and activated carbons36,48,65–68. The XPS spectra, is
therefore qualitatively in agreement with the elemental (CHN)
analysis data and IR spectra regarding the oxygen-rich nature of
the CA-4T carbons and the presence of oxygen functional groups.

To further probe the nature of the carbons and their oxygen
content, we performed temperature programmed desorption
(TPD). The TPD profiles for CO2 and CO are shown in Fig. 5.
The CO2 is desorbed in the temperature range 150–550 °C, while
the CO is desorbed at between 400 and 900 °C. The observed
TPD profiles are similar to what has been previously observed for
activated carbons46. It is expected that the desorbed CO2 is from
less thermally stable O-containing functional groups such as
carboxylic acids, lactones and anhydrides. On the other hand, the
CO is evolved from carbonyls, quinonic or phenolic groups46.
The oxygen content estimated from the TPD data is very similar
to that from elemental analysis (Table 1), being 22.3 for CA-4600,
18.5 for CA-4700 and 21.2 for CA-4800. The TPD data are thus
consistent with the XPS, FTIR and elemental analysis as discussed
above and are further evidence of the oxygen-rich nature of the
present carbons.
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Hydrogen storage. Hydrogen storage in porous carbon requires
materials with the highest surface area and appropriately sized
pores. To date, the best performing porous carbons include
zeolite-templated carbons9,10,22,30,33, carbide-derived carbons
(CDCs)69 and activated carbons5,7,21,23,55,56. The hydrogen sto-
rage capacity of the CA-4T-activated carbons was investigated at
−196 and 25 °C using a gravimetric method on a Hiden XEMIS
analyser in the pressure range of 0–30 bar. Our assessment con-
ditions (−196 or 25 °C, and 0–30 bar) were informed by the fact
that cryo-storage has recently gained strong consideration as
being viable for low-pressure vehicular hydrogen storage70,71, and
also the fact that near-ambient temperature storage is the most
preferred option1–3,72,73. The values discussed in this report are
material-based on a dry material basis.

Our gravimetric method measured the excess hydrogen uptake
from which the total storage was obtained (see Methods section
for details on how excess and total hydrogen uptake were
obtained). Figure 6 shows the excess and total hydrogen uptake
isotherms at −196 °C, and the uptake at 1, 20 and 30 bar is
summarised in Table 2. For all the CA-4T carbons, the hydrogen
uptake is reversible, with no hysteresis, and no saturation is
attained in the 0–30 bar pressure range. We first note that the
hydrogen uptake at 1 bar is very impressive, being in the range
3.1–3.9 wt%. Such hydrogen storage is much higher than any
reported values for high surface area porous carbons that tend to
be in the range of 2–3 wt%5–9,23,55. We attribute this exception-
ally high uptake, especially for sample CA-4700 at 3.9 wt%, to a
combination of very high micropore surface area and an oxygen-
rich surface. The effect of an oxygen-rich surface is particularly
apparent for sample CA-4600, which despite having a moderate
total surface area and micropore surface, still exhibits uptake that
is much higher than that of previously reported carbons with
much higher surface area5–9,23,55. A positive effect of having
oxygen functional groups, as observed here, is expected to have
the greatest effect at low pressure, where interaction between the
hydrogen and surface is more important than at higher pressure
where hydrogen uptake is more likely to occur via space filling
mechanisms. At 20 bar, sample CA-4600 has an excess hydrogen
uptake of 5.6 wt%, which rises to 7.0 wt% for CA-4700 and then
reduces to 6.0 wt% for CA-4800. These excess hydrogen uptake
values are the highest ever reported for porous carbons; the best
previous reports have been in the range 5–5.5 wt%5–9,23,55.
Sample CA-4700 stands out with excess uptake of 7.0 wt% (−196 °
C and 20 bar), which is ~30% higher than any previously reported
carbon5–9,23,55. We attribute the high excess uptake to a
combination of very high micropore surface area and an
oxygen-rich surface. The total hydrogen uptake at 20 bar is
6.2 wt% for sample CA-4600, 8.1 wt% for CA-4700 and 6.8 wt%
for CA-4800. A total hydrogen uptake of 8.1 wt% at 20 bar for
sample CA-4700 sets a new record for porous carbons. The
highest reported values to date are 7.08 wt% for a doubly
activated carbon (physical activation followed by activation with
KOH)23, 7.03 wt%29, and 7.3 wt%55, respectively, for activated
and compactivated carbons derived from polypyrrole, 7.1 wt% for
a compactivated carbon derived from sawdust55, and 7.3 wt% for
a zeolite-templated carbon9. At 30 bar, excess hydrogen uptake of
the samples rises to 5.8 wt% (CA-4600), 7.2 wt% (CA-4700) and
6.1 wt% (CA-4800). The corresponding total hydrogen storage
values are very impressive at 6.7 wt% (CA-4600), 8.9 wt% (CA-
4700) and 7.3 wt% (CA-4800). The uptake of sample CA-4700
stands out as a new record for carbons under such measurement
conditions55.

In all cases, the hydrogen uptake of the cellulose acetate-
derived CA-4T carbons is much higher than that of the analogous
cellulose-derived C-4T-activated carbons (Supplementary Fig. 9;
Supplementary Table 2). The comparison between CA-4600 and

C-4600 is interesting because, although the two samples have
similar apparent surface area and pore volume (Supplementary
Table 2), the former has much higher hydrogen uptake; at 1 bar
the uptake of CA-4600 (3.1 wt%) is 35% higher than for C-4600
(2.3 wt%) while at 20 bar it is higher by ca. 30% for both excess
and total storage. The main difference in the porosity of the two
samples is that the cellulose acetate-derived C4-4600 sample has a
pore maximum centred at 6 Å, which is not present to the same
extent for the cellulose-derived C-4600 sample (Supplementary
Fig. 4). We have previously shown that carbons that possess a
significant proportion of ultramicropores of size 6 Å exhibit
higher hydrogen uptake10. We also partly ascribe the higher
uptake of sample CA-4600 to having an oxygen-rich surface,
which is consistent with previous reports on related systems36–40.
At 1 bar the hydrogen uptake of CA-4700 (3.9 wt%) and CA-4800
(3.4 wt%) are up to 60% higher than for the equivalent C-4700
(2.5 wt%) and C-4800 (2.1 wt%) samples, while at 20 bar, the
storage capacity (both excess and total) of the CA-4T carbons is
ca. 45% higher (Supplementary Table 2). We attribute this higher
hydrogen uptake to a combination of overall higher porosity, the
presence of ultramicropores (Supplementary Figs. 5 and 6) and
oxygen-rich nature for the CA-4T samples. More generally,
sample CA-4700 has much higher hydrogen uptake compared to
analogous activated carbons derived from a wide range of
precursors (Supplementary Table 3) and prepared under similar
activation conditions (i.e., at 700 °C and KOH/carbon ratio of 4).

To further clarify on the effect of oxygen functional groups and
ultramicropores, we compared (Supplementary Fig. 10; Supple-
mentary Table 4) the hydrogen uptake of sample CA-4700 to that
of benchmark high surface area carbons with low (PPY-4800)55

or high (ZTC5)9 microporosity, and a benchmark commercially
available activated carbon (AX21) that exhibits high surface area
(Supplementary Fig. 11; Supplementary Table 4). The hydrogen
uptake of sample CA-4700 is clearly higher than for the
benchmark carbon materials (Supplementary Table 4). Despite
a high surface area, sample PPY-4800 is mainly mesoporous
meaning it has no ultramicropores and therefore has a relatively
low hydrogen uptake at 1 bar (2.2 wt%) and moderate excess
hydrogen uptake (5.5 wt%) at 20 bar compared to 3.9 and 7.0 wt
%, respectively, for CA-4700. Sample AX21 also has high surface
area and pore volume with ca. 50% of the porosity arising from
micropores, but exhibits comparatively low hydrogen uptake at
1 bar (2.1 wt%) and modest excess hydrogen uptake (4.7 wt%) at
20 bar. On the other hand sample ZTC5 is highly microporous
but still does not reach the hydrogen uptake of CA-4700; here the
main cause of the difference in hydrogen uptake is likely to be the
oxygen-rich nature of the CA-4700 sample. Assessment of the
hydrogen uptake of the commercially available activated carbon
(AX21) also serves to validate our storage data collection method.
The hydrogen uptake measured by the XEMIS for sample AX21
at 20 bar is 4.7 wt% (excess uptake) and 5.9 wt% (total uptake),
which is similar to that reported by others for this commercially
available activated carbon using volumetric apparatus12. Further-
more, we have recently demonstrated the reliability of our
hydrogen uptake measurements via comparison with deuterium
uptake55. Validation and benchmarking of hydrogen storage data
is important given the challenges that have been encountered in
the recent past research as summarised by Broom and Hirscher74.

Given that the CA-4T samples are both highly microporous
and oxygen-rich, it is necessary to delineate the effect of
microporosity and oxygen content on the hydrogen uptake
capacity. One way to ascertain the effects of oxygen content is to
establish how the hydrogen uptake capacity of CA-4T carbons
compares to that of activated carbons with lower amounts of
oxygen but similar porosity (i.e., similar total surface area,
micropore surface area, pore size and level of microporosity).
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Such a comparison will remove any ambiquities and clarify on the
effect of oxygen content. We therefore compared the hydrogen
uptake of sample CA-4800 to analogous activated carbons derived
from the hydrochar of Jujun grass (ACGR4700) and Camellia
Japonica (ACCA4700)50 that have closely matched porosity but
lower oxygen content (Supplementary Fig. 12; Supplementary
Table 5). The total surface area of the three samples is very similar
and in the range 3000± 5%m2 g−1, while the micropore surface
area is within 2620± 5%m2 g−1 (Supplementary Table 5). Such
variability (i.e., ±5%) in total surface area and micropore surface
area is within the repeatability range of the method used to
determine porosity, and therefore the surface area of the three
samples is comparable. The total pore volume of the three
samples is also closely matched at 1.44± 5% cm3 g−1 and, more
importantly, the micropore volume is even more closely matched
at 1.18± 4% cm3 g−1 (Supplementary Table 5). Furthermore, the
pore size of all three samples is also very similar (Supplementary
Fig. 12). The main difference is that sample CA-4800 has a much
higher O-content of 20.6 wt% compared to 13.3 wt% for
ACGR4700 and 12.5 wt% for ACCA4700 (Supplementary
Table 5), i.e., the oxygen content of CA-4800 is ca. 60% higher
than for the other two samples. Despite the similarity in porosity,
sample CA-4800 exhibits significantly higher hydrogen uptake at
−196 °C, while ACGR4700 and ACCA4700 have lower but
identical storage capacity (Supplementary Table 5). At 1 bar CA-
4800 stores 3.4 wt% compared to 2.4 wt% for ACGR4700 and
ACCA4700, which is a difference of 40% for the CA-4T sample.
At 20 bar the excess uptake of CA-4800 is 6.0 wt% compared to
4.5 wt% for ACGR4700 and ACCA4700, meaning the CA-4T
sample has 30% higher capacity.

Ideal hydrogen storage materials for vehicular on-board
applications need to achieve targets set at levels that would allow
commercial viability and practical usage75. Targets include those
set by the United States Department of Energy (DOE); namely, a
system uptake capacity of 5.5 wt% and volumetric uptake capacity
of 40 g l−1 by 2020, and ultimate targets of 7.5 wt% (system
gravimetric storage capacity) and 70 g l−1 (volumetric uptake
capacity)75. Whilst the gravimetric hydrogen uptake of porous
materials generally depends on the porosity, especially surface
area and pore size, the volumetric hydrogen uptake, on the other
hand, is greatly affected by the packing density of the adsorbent.
The packing density of the CA-4T samples was determined (see
Methods) to be 0.71 g cm−3 (CA-4600), 0.46 g cm−3 (CA-4700)
and 0.56 g cm−3 (CA-4800). The volumetric hydrogen uptake of
the CA-4T carbons is given in Table 2. All the samples show
excellent volumetric hydrogen storage capacity at 20 bar; 32–40 g
l−1 (excess) and 37–44 g l−1 (total). At 30 bar the uptake is
33–41 g l−1 (excess) and 41–48 g l−1 (total). We, however, note
that although these values are impressive, they are material-based
and would need to be higher to meet the system-based DOE
targets.

It is interesting to note that the gravimetric hydrogen uptake of
the CA-4T carbons, and in particular sample CA-4700, compares
favourably with that of the best performing MOFs that possess
much higher surface area (Supplementary Fig. 13; Supplementary
Table 6). The excess (7.0 wt%) and total (8.1 wt%) gravimetric
hydrogen uptake of sample CA-4700 at 20 bar is higher than that
of benchmark MOFs such as MOF-20016, MOF-20516, and
comparable to that of NOTT-112 (6.9 wt%)13, NU-100 (6.8 wt%)
17 and MOF-210 (6.4 wt%)16, which have much higher surface
area (Supplementary Table 6) and are the current record holders
for gravimetric hydrogen storage in porous materials under
cryogenic conditions16. The total gravimetric uptake at 20 bar
follows a similar trend. We tentatively ascribe the excellent
hydrogen storage capacity of sample CA-4700, despite having
lower surface area, to an oxygen-rich surface that appears to be

more attractive for adsorption of molecular hydrogen, and which
more than compensates for the differences in porosity compared
to the MOFs. At 30 bar, the excess gravimetric hydrogen uptake
of CA-4700 still matches that of the high surface area MOFs
(Supplementary Table 6) but the total uptake of some of the
MOFs is higher due to greater contribution of their much larger
pore volume.

More importantly, however, the higher packing density of the
CA-4T carbons, i.e., 0.71 g cm−3 (CA-4600) 0.46 g cm−3 (CA-
4700) and 0.56 g cm−3 (CA-4800) when combined with their
impressive gravimetric uptake, means that their volumetric
hydrogen storage capacity is much higher than that of MOFs.
As shown in Fig. 7 (and Supplementary Table 6), the benchmark
MOFs achieve excess volumetric hydrogen uptake of 8–16 g l−1 at
20 bar, and 9–17 g l−1 at 30 bar. In contrast, the excess volumetric
capacity of the CA-4T carbons is much higher at 32–40 g l−1

(20 bar), and 33–41 g l−1 at 30 bar. The total volumetric hydrogen
uptake of the MOFs is 11–19 g l−1 at 20 bar, and 13–21 g l−1 at
30 bar compared to 37–44 g l−1 at 20 bar, and 41–48 g l−1 at 30 bar
for the CA-4T carbons. In Fig. 7 (and Supplementary Table 6), we
also applied the crystal density to calculate the volumetric uptake
of MOF-210– but at up to 22 and 26 g l−1 for excess and total
uptake at 30 bar, it is still lower than that of the CA-4T carbons.
Thus the volumetric uptake of the CA-4T carbons under our
analysis conditions is double that of the best MOFs, and is
amongst the highest reported. The only other carbons that come
close are compactivated carbons55, densified zeolite templated
carbons9, and densified activated ZIF-templated carbons27. The
CA-4T carbons are, therefore, a significant step towards achieving
the DOE targets for 2020 of a system gravimetric uptake capacity
of 5.5 wt% and volumetric uptake capacity of 40 g l−1 75. Clearly,
higher storage values that may approach the ultimate targets of a
7.5 wt% (system gravimetric storage capacity) and 70 g l−1

(volumetric uptake capacity) may be reached by CA-4T carbons
at higher pressures (>30 bar)75.

Any beneficial effects of oxygen surface groups on hydrogen
storage might be expected to have a significant effect on room
temperature uptake. The room temperature excess hydrogen
uptake of the CA-4T samples and AX21 are shown in Fig. 8a. The
excess hydrogen uptake, at 20 bar, varies from 0.3 wt% for AX21
to 0.42 wt% (CA-4600), 0.5 wt% (CA-4-800) and 0.63 wt% (CA-
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4700). We note that the excess uptake for AX21 (0.3 wt% at
20 bar) is similar to what has previously been reported by others
using volumetric apparatus, which verifies our measurements12.
At 30 bar, the excess uptake rises to 0.38 wt% for AX21, 0.50 wt%
(CA-4600), 0.61 wt% (CA-4-800) and 0.80 wt% (CA-4700). The
CA-4T samples, therefore have higher uptake compared to what
has previously been reported for porous carbons or related
materials12,55,57,76–78. The excess hydrogen storage capacity of
0.8 wt% at room temperature and 30 bar for sample CA-4700 is
exceptionally high for any porous material under those conditions
and even gets close to what has previously been reported
(between 0.5 and 1.6 wt%) for the best performing state-of-the-art
materials at much higher pressure of 150 bar12,55,57,76–78. We also
estimated the total uptake of the CA-4T carbons and sample
AX21 (Supplementary Fig. 14). The total uptake, at 30 bar,
reaches 0.8 wt% for AX21, but is higher for CA-4800 and CA-
4700 at 0.95 wt% and 1.2 wt%, respectively. It is expected that
CA-4T samples, for T= 700 and 800 °C, will have attractive
excess and total hydrogen uptake at high pressure above 30 bar as
shown by the example of sample CA-4700 (Supplementary
Fig. 15).

The strength of the interaction between adsorbed hydrogen
molecules and the carbon surface can be estimated by calculating
the so-called isosteric heat of hydrogen adsorption (Qst). The Qst

may be calculated from the hydrogen sorption isotherms
measured at two or more temperatures, and the typical
temperatures that are used are −196, −186 and 25 °C. We,
therefore, calculated the Qst for the CA-4T samples using the
Clausius–Clapeyron equation. A plot of the Qst as a function of
hydrogen uptake is shown in Fig. 8b. We first note that the Qst for
the commercially available activated carbon (AX21) varies from
6.4 kJ mol−1 at low (i.e., near zero) hydrogen uptake and then
decreases to 5.5 kJ mol−1 at coverage equivalent to ca. 0.4 wt%
hydrogen. The Qst for AX21 is very similar to that previously
reported by others79, which is very useful in benchmarking the
CA-4T carbons. The Qst for the CA-4T samples is significantly
higher than that of AX21. Amongst the CA-4T sample, CA-4600
has the lowest Qst, which ranges from 9.5 kJ mol−1 at low
coverage to 8.3 kJ mol−1 at 0.5 wt%. For CA-4700 the Qst is
10.2 kJ mol−1 at low coverage, decreasing to 9.0 kJ mol−1 at 0.8 wt
% hydrogen. Sample CA-4800 exhibits the highest Qst of 10.6 kJ
mol−1 at near zero coverage, but also shows the most significant
decrease as coverage increases to 7.6 kJ mol−1 at 0.6 wt%
hydrogen. As far as we know the Qst values reported here for
the CA-4T samples are significantly higher than in any previous
reports concerning porous carbons, and in particular activated

carbons. The Qst are only matched by those reported by Gogotsi
and co-workers for some carbide-derived carbons69. We ascribe
the high Qst of the CA-4T carbons to not only their microporosity
but also their oxygen-rich nature. Regarding the effect of
microporosity, we note that the CA-4T carbons have higher Qst

than zeolite-templated carbons with a similar level of micro-
porosity that only reach presence ca. 8.2 kJ mol−1 at near zero
coverage8. This, along with the optimised hydrogen uptake at
room temperature, provide further evidence of the effect of an
oxygen-rich surface on the hydrogen uptake.

Discussion
Our findings show that hydrothermal carbonisation of cellulose
acetate generates hydrochar, which on activation yields oxygen-
rich activated carbons that exhibit very high apparent surface area
(up to 3800 m2 g−1) with most of the surface area (up to 3484 m2

g−1), i.e., 92%, arising from micropores. The carbons have only a
small proportion of pores of size larger than 20 Å. The presence
of oxygen functional groups (COOH, C–OH and O–C=O) was
confirmed by IR and XPS studies. Comparative analysis with
carbons from other precursors (e.g., cellulose, lignin, sawdust,
starch and so on) revealed that the oxygen-rich nature and high
microporosity is unique to cellulose acetate-derived activated
carbons. Due to the combined effects of high surface area, high
microporosity and an oxygen-rich nature, the carbons exhibit
enhanced gravimetric hydrogen storage capacity of up to 8.1 wt%
(total uptake) and 7.0 wt% (excess uptake) at −196 °C and 20 bar,
rising to 8.9 wt% (total uptake) and 7.2 wt% (excess uptake) at
30 bar. The carbons also exhibit exceptional hydrogen uptake at
room temperature; up to 0.8 wt% (excess) and 1.2 wt% (total) at
only 30 bar. The isosteric heat of hydrogen adsorption for the
carbons is above 10 kJ mol−1, which is nearly twice that typically
observed for activated carbons. The hydrogen uptake values set
new records for porous carbon materials and exceed the claimed
limit for hydrogen storage in activated carbons80. The high
gravimetric hydrogen uptake values at −196 °C, translate to
attractive total volumetric uptake of 37–44 g l−1 at 20 bar, and
41–48 g l−1 at 30 bar compared to benchmark metal organic fra-
meworks (MOFs) that store 11–19 g l−1 at 20 bar, and 13–21 g l−1

at 30 bar. Our findings offer new insights on the effect of pre-
cursor materials on activated carbons prepared via the hydro-
thermal carbonisation route, and on the benefits of an oxygen-
rich nature on hydrogen storage in porous carbons, and open
up a new research direction in carbon materials as hydrogen
stores.
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Methods
Materials synthesis. Hydrochar suitable for activation was prepared by heating
6.4 g of cellulose acetate in 20 ml of water in a stainless steel autoclave to 250 °C at a
ramp rate of 5 °Cmin−1. The temperature was held at 250 °C for 2 h and then
brought back to room temperature at a ramp rate of 5 °C min−1. The hydrochar
product was then filtered under suction and washed with water. The hydrochar,
denoted as CA-hydrochar, was dried overnight in an oven at 112 °C.

The hydrochar was then activated as follows; KOH was added to the hydrochar
at a KOH/hydrochar ratio of 4 and ground to form a homogenous mixture. The
KOH/hydrochar mixture was then placed in an alumina boat and transferred to a
horizontal furnace and heated under nitrogen to 600, 700 or 800 °C at a ramp rate
of 3 °Cmin−1, and held at the target temperature for 2 h before being allowed to
cool under nitrogen. The resulting activated carbons were washed under stirring at
room temperature with hydrochloric acid (10 vol%, 500 ml) and then with
deionised water until washings had neutral pH. All samples were then dried at 112
°C. The activated carbons were denoted as CA-4T, where 4 is the KOH/hydrochar
ratio and T is the activation temperature; 600, 700 or 800 °C.

Materials characterisation. Powder XRD analysis was performed using a
PANalytical X’Pert PRO diffractometer with Cu-Kα light source (40 kV, 40 mA)
with step size of 0.02° and 50 s time step. Thermogravimetric analysis (TGA) was
performed using a TA Instruments SDT Q600 analyser under flowing air condi-
tions (100 ml/min). CHN elemental analysis was performed using an Exeter
Analytical CE-440 Elemental Analyser. IR spectroscopy was performed using a
Bruker ALPHA FTIR Spectrometer. Raman spectra were recorded using a
Horiba–Jobin–Yvon LabRAM Raman microscope with a 532 nm laser operating at
ca. 4 mW (10%) and a 600 lines per mm grating. Spectra were collected by aver-
aging 8 acquisitions of 60 s duration. The Raman shift was calibrated using the
Rayleigh peak and the 520.7 cm−1 Si line from a Si (100) reference sample. X-ray
photoelectron spectroscopy (XPS) was performed using a Kratos AXIS ULTRA
with a mono-chromated Al kα X-ray source (1486.6 eV) operated at 10 mA
emission current and 12 kV anode potential. A charge neutralizer filament was
used to prevent surface charging. Hybrid-slot mode was used measuring a sample
area of approximately 0.5 mm2. The analysis chamber pressure was better than 5 ×
10−9mbar. Three areas per sample were analysed. A wide scan at low resolution
(1400 to −5 eV binding energy range, pass energy 80 eV, step 0.5 eV, sweep time
20 min) was used to estimate the total atomic % of detected elements. High-
resolution spectra at pass energy of 20 eV with step of 0.1 eV, sweep times of
10 min each were also acquired for photoelectron peaks from the detected elements
and these were used to model the chemical composition. The high-resolution
spectra were charge corrected to the C 1s peak set to 284.7 eV. Casaxps (version
2.3.18dev1.0x) software was used for quantification and spectral modelling. For
detector mode, the ULTRA was used in FAT (fixed analyser transmission) mode,
with pass energy of 80 eV for wide scans and pass energy 20 eV for high-resolution
scans. A hybrid magnetic/electrostatic lens mode was used for maximum electron
signal. The magnetic immersion lens system allowed the area of analysis for to be
defined by apertures, a ‘slot’ aperture of 300 × 700 μm for wide/survey scans and
high-resolution scans. The take-off angle for the photoelectron analyser was 90°
and acceptance angle of 9° for hybrid lens mode utilised. The energy range of the
XPS was calibrated using Cu, Ag and Au samples. The resolution for the photo-
electron detector was based on Ag 3d5/2 peak FWHM of <0.55 eV at PE 20 in
hybrid slot mode. The transmission function of the instrument was calibrated using
a clean gold sample for all lens modes and pass energies.

Porosity analysis and determination of textural properties was performed via
nitrogen sorption using a Micromeritics ASAP 2020 or 3FLEX sorptometer. Prior
to analysis (at −196 °C), the carbon samples were degassed under vacuum at 200 °C
for 12 h. The apparent surface area (herein referred to simply as surface area) was
calculated using the Brunauer–Emmett–Teller (BET) method applied to adsorption
data in the relative pressure (P/Po) range 0.04–0.22. The total pore volume was
determined from the nitrogen uptake at close to saturation pressure (P/Po≈ 0.99).
The micropore surface area and micropore volume were determined via t-plot
analysis. To assess reproducibility, the synthesis of the carbon samples was repeated
at least once; the surface area and pore volume were, in general, within ±5% for
repeated synthesis or measurements, which is consistent with the repeatability
range (or experimental error) of the method used to determine porosity. Non-local
density functional theory (NL-DFT) was applied to nitrogen adsorption isotherms
to determine pore size distribution. SEM images were recorded on a FEI
Quanta200 microscope at 5 kV accelerating voltage.

Hydrogen uptake measurements. Hydrogen uptake capacity of the carbons was
measured by gravimetric analysis with a Hiden XEMIS Intelligent Gravimetric
Analyser using 99.9999% purity hydrogen additionally purified by a molecular
sieve filter. Prior to analysis, the carbon samples were dried in an oven for 24 h at
80 °C and then placed in the analysis chamber and degassed at 200 °C and 10−10

bar for 4–6 h. The hydrogen uptake measurements were performed at −196 °C (in a
liquid nitrogen bath) or room temperature (25 °C) over the pressure range of 0–30
or 100 bar.

Our measurements provided the excess hydrogen uptake, which is the amount
of hydrogen adsorbed in the carbons above that which would have been stored in
the pores under similar conditions (temperature and pressure) assuming that there

is zero energy of interaction between the hydrogen and the carbon pore walls. The
total uptake was calculated from the excess storage by taking into account the
amount of hydrogen compressed into the carbon pore volume space. Our
gravimetric methods measured the excess hydrogen uptake (θExc) from which the
total storage (θT) was calculated from the equation:

θT ¼ θExc þ
100 ´ dH2 ´VT

1þ dH2 ´VT
ð1Þ

where
θT= total hydrogen uptake (wt%)
θExc= excess hydrogen uptake (wt%)
dH2= density (g cm−3) of compressed hydrogen gas at the relevant temperature

and pressure. The density was obtained from the National Institute of Standards
and Technology (NIST) website (http://www.nist.gov/)

VT= pore volume (cm3 g−1) of the carbon from nitrogen sorption analysis.
The excess volumetric uptake capacity (vθExc), in g l−1, was obtained using the

equation;

vθExc ¼ θExc ´ dcarbon ð2Þ

where dcarbon= packing density of the carbon.
The total volumetric uptake capacity (vθT), in g l−1, was obtained using the

equation;

vθT ¼ θT ´ dcarbon ð3Þ

where dcarbon= packing density of the carbon
The packing density of powder samples was determined by pressing a given

amount of carbon in a 1.3 cm die at pressure of 7MPa for 5 min. Alternatively
similar values can be obtained using the general equation; dcarbon= (1/ρs + VT)−1,
where ρs is skeletal density and VT is total pore volume.

Data availability. Data that support the findings of this study are available within
the paper (and its Supplementary Information Files) and from the corresponding
author on reasonable request.

Received: 14 May 2017 Accepted: 5 October 2017

References
1. Schlapbach, L. & Zuttel, A. Hydrogen-storage materials for mobile applications.

Nature 414, 353–358 (2001).
2. Turner, J. A. A realizable renewable energy future. Science 285, 687–689 (1999).
3. Moriarty, P. & Honnery, D. Hydrogen’s role in an uncertain energy future. Int.

J. Hydrogen. Energy. 34, 31–39 (2009).
4. van den Berg, A. W. C. & Arean, C. O. Materials for hydrogen storage: current

research trends and perspectives. Chem. Commun. 668–681 (2008).
5. Sevilla, M. & Mokaya, R. Energy storage applications of activated carbons:

supercapacitors and hydrogen storage. Energy Environ. Sci. 7, 1250–1280
(2014).

6. Xia, Y. X., Yang, Z. X. & Zhu, Y. Porous carbon-based materials for hydrogen
storage: advancement and challenges. J. Mater. Chem. A 1, 9365–9381 (2013).

7. Sevilla, M., Fuertes, A. B. & Mokaya, R. High density hydrogen storage in
superactivated carbons from hydrothermally carbonized renewable organic
materials. Energy Environ. Sci. 3, 1400–1410 (2011).

8. Yang, Z., Xia, Y. & Mokaya, R. Enhanced hydrogen storage capacity of high
surface area zeolite-like carbon materials. J. Am. Chem. Soc. 129, 1673–1679
(2007).

9. Masika, E. & Mokaya, R. Exceptional gravimetric and volumetric hydrogen
storage for densified zeolite templated carbons with high mechanical stability.
Energy Environ. Sci. 7, 427–434 (2014).

10. Alam, N. & Mokaya, R. Evolution of optimal porosity for improved hydrogen
storage in templated zeolite-like carbons. Energy Environ. Sci. 3, 1773–1781
(2010).

11. Sevilla, M., Foulston, R. & Mokaya, R. Superactivated carbide-derived carbons
with high hydrogen storage capacity. Energy Environ. Sci. 3, 223–227 (2010).

12. Poirier, E., Chahine, R. & Bose, T. K. Hydrogen adsorption in carbon
nanostructures. Int. J. Hydrogen Energy 26, 831–835 (2001).

13. Yan, Y. et al. Exceptionally high H2 storage by a metal organic polyhedral
framework. Chem. Commun. 1025–1027 (2009).

14. Murray, L. J., Dinca, M. & Long, J. R. Hydrogen storage in metal−organic
frameworks. Chem. Soc. Rev. 38, 1294–1314 (2009).

15. Suh, M. P., Park, H. J., Prasad, T. K. & Lim, D.-W. Hydrogen storage in metal
−organic frameworks. Chem. Rev. 112, 782–835 (2011).

16. Furukawa, H. et al. Ultra-high porosity in metal–organic frameworks. Science
329, 424–428 (2010).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01633-x

10 NATURE COMMUNICATIONS |8:  1545 |DOI: 10.1038/s41467-017-01633-x |www.nature.com/naturecommunications

http://www.nist.gov/
www.nature.com/naturecommunications


17. Farha, O. K. et al. De novo synthesis of a metal–organic framework material
featuring ultrahigh surface area and gas storage capacities. Nat. Chem. 2,
944–948 (2010).

18. Ding, S. Y. & Wang, W. Covalent organic frameworks (COFs): from design to
applications. Chem. Soc. Rev. 42, 548–568 (2013).

19. Han, S. S., Furukawa, H., Yaghi, O. M. & Goddard, W. A. Covalent organic
frameworks as exceptional hydrogen storage materials. J. Am. Chem. Soc. 130,
11580–11581 (2008).

20. Almasoudi, A. & Mokaya, R. Preparation and hydrogen storage capacity of
templated and activated carbons nanocast from commercially available zeolitic
imidazolate framework. J. Mater. Chem. 22, 146–152 (2012).

21. Panella, B., Hirscher, M. & Roth, S. Hydrogen adsorption in different carbon
nanostructures. Carbon. N. Y. 43, 2209–2214 (2005).

22. Xia, Y. & Mokaya, R. Ordered Mesoporous Carbon Monoliths: CVD
Nanocasting and hydrogen storage properties. J. Phys. Chem. C 111,
10035–10039 (2007).

23. Wang, H., Gao, Q. & Hu, J. High hydrogen storage capacity of porous carbons
prepared by using activated carbon. J. Am. Chem. Soc. 131, 7016–7022 (2009).

24. Masika, E. & Mokaya, R. Hydrogen storage in high surface area carbons with
identical surface areas but different pore sizes: direct demonstration of the
effects of pore size. J. Phy. Chem. C 116, 25734–25740 (2012).

25. Robertson, C. & Mokaya, R. Microporous activated carbon aerogels via a simple
subcritical drying route for CO2 capture and hydrogen storage. Microporous
Mesoporous Mater. 179, 151–156 (2013).

26. Sevilla, M., Alam, N. & Mokaya, R. Enhancement of hydrogen storage capacity
of zeolite-templated carbons by chemical activation. J. Phys. Chem. C 114,
11314–11319 (2010).

27. Almasoudi, A. & Mokaya, R. Porosity modulation of activated ZIF-templated
carbons via compaction for hydrogen and CO2 storage applications. J. Mater.
Chem. A 2, 10960–10968 (2014).

28. Farha, O. K. et al. Metal–organic framework materials with ultrahigh surface
areas: is the sky the limit? J. Am. Chem. Soc. 134, 15016–15021 (2012).

29. Sevilla, M., Mokaya, R. & Fuertes, A. B. Ultrahigh surface area polypyrrole-
based carbons with superior performance for hydrogen storage. Energy
Environ. Sci. 4, 2930–2936 (2011).

30. Xia, Y., Walker, G. S., Grant, D. M. & Mokaya, R. Hydrogen storage in high
surface area carbons: experimental demonstration of the effects of nitrogen
doping. J. Am. Chem. Soc. 131, 16493–16499 (2009).

31. Zhao, X. B., Xiao, B., Fletcher, A. J. & Thomas, K. M. Hydrogen adsorption on
functionalized nanoporous activated carbons. J. Phys. Chem. B 109, 8880–8888
(2005).

32. Yang, Z., Xia, Y., Sun, X. & Mokaya, R. Preparation and hydrogen storage
properties of zeolite-templated carbon materials nanocast via chemical vapor
deposition: effect of the xeolite template and nitrogen doping. J. Phys. Chem. B
110, 18424–18431 (2006).

33. Xia, Y., Mokaya, R., Grant, D. M. & Walker, G. S. A simplified synthesis of N-
doped zeolite-templated carbons, the control of the level of zeolite-like ordering
and its effect on hydrogen storage properties. Carbon 49, 844–853 (2011).

34. Masika, E., Bourne, R. A., Chamberlain, T. W. & Mokaya, R. Supercritical CO2

mediated incorporation of Pd onto templated carbons: a route to optimizing
the Pd particle size and hydrogen uptake density. ACS Appl. Mater. Interfaces 5,
5639–5647 (2013).

35. Sevilla, M., Fuertes, A. B. & Mokaya, R. Preparation and hydrogen storage
capacity of highly porous activated carbon materials derived from
polythiophene. Int. J. Hydrogen Energy 36, 15658–15663 (2011).

36. Wang, Z., Yang, F. H. & Yang, R. T. Enhanced hydrogen spillover on carbon
surfaces modified by oxygen plasma. J. Phys. Chem. C 114, 1601–1609 (2010).

37. Li, Q. & Lueking, A. D. Effect of surface oxygen groups and water on hydrogen
spillover in Pt-doped activated carbon. J. Phys. Chem. C 115, 4273–4282 (2011).

38. Wang, L., Yang, F. H., Yang, R. T. & Miller, M. A. Effect of surface oxygen
groups in carbons on hydrogen storage by spillover. Ind. Eng. Chem. Res. 48,
2920–2926 (2009).

39. Shayeganfar, F. & Shahsavari, R. Oxygen- and lithium-doped hybrid boron-
nitride/carbon networks for hydrogen storage. Langmuir 32, 13313–13321 (2016).

40. Agarwal, R. K., Noh, J. S., Schwarz, J. A. & Davini, R. Effect of surface acidity of
activated carbon on hydrogen storage. Carbon 25, 219–226 (1987).

41. Huang, C. C., Chen, H. M., Chen, C. H. & Huang, J. C. Effect of surface oxides
on hydrogen storage of activated carbon. Sep. Purif. Technol. 70, 291–295
(2010).

42. Schimmel, H. G. et al. Hydrogen adsorption in carbon nanostructures
compared. Mater. Sci. Eng. B 108, 124–129 (2004).

43. Llorens, J. & Pera-Titus, M. Influence of surface heterogeneity on hydrogen
adsorption on activated carbons. Colloids Surf. A 350, 63–72 (2009).

44. Georgakis, M., Stavropoulos, G. & Sakellaropoulos, G. P. Molecular dynamics
study of hydrogen adsorption in carbonaceous microporous materials and the
effect of oxygen functional groups. Int. J. Hydrogen Energy 32, 1999–2004
(2007).

45. Takagi, H., Hatori, H., Yamada, Y., Matsuo, S. & Shiraishi, M. Hydrogen
adsorption properties of activated carbons with modified surfaces. J. Alloys
Compd. 385, 257–263 (2004).

46. Tellez-Juarez, M. C. et al. Hydrogen storage in activated carbons produced from
coals of different ranks: effect of oxygen content. Int. J. Hydrogen Energy 39,
4996–5002 (2014).

47. Libra, J. A. et al. Hydrothermal carbonization of biomass residuals: a
comparative review of the chemistry, processes and applications of wet and dry
pyrolysis. Biofuels 2, 89–124 (2011).

48. Sevilla, M. & Fuertes, A. B. The production of carbon materials by
hydrothermal carbonization of cellulose. Carbon 47, 2281–2289 (2009).

49. Sevilla, M. & Fuertes, A. B. Chemical and structural properties of carbonaceous
products obtained by hydrothermal carbonization of saccharides. Chem. Eur. J
15, 4195–4203 (2009).

50. Coromina, H. M., Walsh, D. A. & Mokaya, R. Biomass-derived activated carbon
with simultaneously enhanced CO2 uptake for both pre and post combustion
capture applications. J. Mater. Chem. A 4, 280–289 (2016).

51. Coromina, H. M., Adeniran, B., Mokaya, R. & Walsh, D. A. Bridging the
performance gap between electric double-layer capacitors and batteries with
high-energy/high-power carbon nanotube-based electrodes. J. Mater. Chem. A
4, 14586–14594 (2016).

52. Balahmar, N., Lowbridge, A. M. & Mokaya, R. Templating of carbon in zeolites
under pressure: synthesis of pelletized zeolite templated carbons with improved
porosity and packing density for superior gas (CO2 and H2) uptake properties.
J. Mater. Chem. A 4, 14254–14266 (2016).

53. Ferrari, A. C. & Robertson, J. Interpretation of Raman spectra of disordered and
amorphous carbon. Phys. Rev. B 61, 14095–14107 (2000).

54. Sing, K. S. W. et al. Reporting physisorption data for gas/solid systems with
special reference to the determination of surface area and porosity. Pure. Appl.
Chem. 57, 603–619 (1985).

55. Adeniran, B. & Mokaya, R. Compactivation: a mechanochemical approach to
carbons with superior porosity and exceptional performance for hydrogen and
CO2 storage. Nano Energy 16, 173–185 (2015).

56. Sangchoom, W. & Mokaya, R. Valorization of lignin waste: carbons from
hydrothermal carbonization of renewable lignin as superior sorbents for CO2

and hydrogen storage. ACS Sustain. Chem. Eng. 3, 1658–1667 (2015).
57. Adeniran, B. & Mokaya, R. Low temperature synthesized carbon nanotube

superstructures with superior CO2 and hydrogen storage capacity. J. Mater.
Chem. A 3, 5148–5161 (2015).

58. Adeniran, B., Masika, E. & Mokaya, R. A family of microporous carbons
prepared via a simple metal salt carbonization route with high selectivity for
exceptional gravimetric and volumetric post-combustion CO2 capture. J. Mater.
Chem. A 2, 14696–14710 (2014).

59. Balahmar, M., Mitchell, A. C. & Mokaya, R. Generalized mechanochemical
synthesis of biomass-derived sustainable carbons for high performance CO2

storage. Adv. Energy Mater. 5, 1500867 (2015).
60. Sevilla, M., Sangchoom, W., Balahmar, N., Fuertes, A. B. & Mokaya, R.

Highly porous renewable carbons for enhanced storage of energy-related
gases (H2 and CO2) at high pressures. ACS Sustain. Chem. Eng. 4, 4710–4716
(2016).

61. He, J. et al. Tunable polyaniline-based porous carbon with ultrahigh surface
area for CO2 capture at elevated pressure. Adv. Energy Mater. 6, 1502491
(2016).

62. Jalilov, A. S., Li, Y., Tian, J. & Tour, J. M. Activated porous ssphalt for CO2

capture through competitive adsorption at high pressures. Adv. Energy Mater.
7, 1600693 (2017).

63. Haffner-Staton, E., Balahmar, N. & Mokaya, R. High yield and high packing
density porous carbon for unprecedented CO2 capture from the first attempt at
activation of air-carbonized biomass. J. Mater. Chem. A 4, 13324–13335 (2016).

64. Romanos, J. et al. Nanospace engineering of KOH activated carbon.
Nanotechnology 23, 015401 (2012).

65. Zhao, Y. et al. Oxygen-rich hierarchical porous carbon derived from artemia
cyst shells with superior electrochemical performance. ACS Appl. Mater.
Interfaces 7, 1132–1139 (2015).

66. Okpalugo, T. I. T., Papakonstantinou, P., Murphy, H., McLaughlin, J. & Brown,
N. M. D. High resolution XPS characterization of chemical functionalised
MWCNTs and SWCNTs. Carbon 43, 153–161 (2005).

67. Boudou, J. P., Paredes, J. I., Cuesta, A., Martınez-Alonso, A. & Tascon, J. M. D.
Oxygen plasma modification of pitch-based isotropic carbon fibres. Carbon 41,
41–56 (2003).

68. Xia, W., Wang, Y., Bergstraber, R., Kundu, S. & Muhler, M. Surface
characterization of oxygen-functionalized multi-walled carbon nanotubes by
high-resolution X-ray photoelectron spectroscopy and temperature-
programmed desorption. Appl. Surf. Sci. 254, 247–250 (2007).

69. Yushin, G., Dash, R., Jagiello, J., Fischer, J. E. & Gogotsi, Y. Carbide-derived
carbons: effect of pore size on hydrogen uptake and heat of adsorption. Adv.
Funct. Mater. 16, 2288–2293 (2006).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01633-x ARTICLE

NATURE COMMUNICATIONS |8:  1545 |DOI: 10.1038/s41467-017-01633-x |www.nature.com/naturecommunications 11

www.nature.com/naturecommunications
www.nature.com/naturecommunications


70. Gomez-Gualdron, D. A. et al. Evaluating topologically diverse metal–organic
frameworks for cryo-adsorbed hydrogen storage. Energy Environ. Sci. 9,
3279–3289 (2016).

71. http://energy.gov/sites/prod/files/2015/05/f22/fcto_myrdd_storage.pdf;
Hydrogen storage (accessed October 2017).

72. Eberle, U. & von Helmolt, R. Sustainable transportation based on electric
vehicle concepts: a brief overview. Energy Environ. Sci. 3, 689–699 (2010).

73. Eberle, U., Müller, B. & von Helmolt, R. Fuel cell electric vehicles and hydrogen
infrastructure: status 2012. Energy Environ. Sci. 5, 8780–8798 (2012).

74. Broom, D. P. & Hirscher, M. Irreproducibility in hydrogen storage material
research. Energy Environ. Sci. 9, 3368–3380 (2016).

75. https://energy.gov/sites/prod/files/2015/05/f22/fcto_targets_onboard_
hydro_storage_explanation.pdf; Target Explanation Document: Onboard
Hydrogen Storage for Light-Duty Fuel Cell Vehicles, (Accessed October 2017).

76. Nishihara, H. et al. High-pressure hydrogen storage in zeolite-templated
carbon. J. Phys. Chem. C 113, 3189–3196 (2009).

77. Stadie, N. P. et al. Zeolite-templated carbon materials for high-pressure
hydrogen storage. Langmuir 28, 10057–10063 (2012).

78. Lachawiec, A. J. Jr, Qi, G. & Yang, R. T. Hydrogen storage in nanostructured
carbons by spillover: bridge-building enhancement. Langmuir 21, 11418–11424
(2005).

79. Benard, P. & Chahine, R. Determination of the adsorption isotherms of
hydrogen on activated carbons above the critical temperature of the adsorbate
over wide temperature and pressure ranges. Langmuir 17, 1950–1955 (2001).

80. Fierro, V. et al. Experimental evidence of an upper limit for hydrogen storage at
77 K on activated carbons. Carbon 48, 1902–1911 (2010).

Acknowledgements
We thank the Nanoscale and Microscale Research Centre (nmRC) at the University of
Nottingham for assistance with SEM analysis. We are grateful to Dr Graham Rance at the
nmRC for help with Raman spectroscopy and Dr Emily Smith, also at the nmRC, for
acquiring the XPS spectra and for assistance with data interpretation. This work was
supported by the Engineering and Physical Sciences Research Council [grant number EP/
M000567/1] for the Nottingham Gas Analysis Suite and for an equipment grant for the
Kratos LiPPS XPS instrument. We thank the government of the Kingdom of Saudi

Arabia for funding a PhD studentship for Norah Balahmar. R.M. thanks the Royal
Society for a Research Grant (AQ150029), and for a Royal Society Wolfson Research
Merit Award.

Author contributions
R.M. conceived and designed the research. L.S.B. and N.B. performed the synthesis and
characterisation of the carbons. All authors contributed to the writing of the paper.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-01633-x.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017, corrected publication 2021

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01633-x

12 NATURE COMMUNICATIONS |8:  1545 |DOI: 10.1038/s41467-017-01633-x |www.nature.com/naturecommunications

http://energy.gov/sites/prod/files/2015/05/f22/fcto_myrdd_storage.pdf
https://energy.gov/sites/prod/files/2015/05/f22/fcto_targets_onboard_hydro_storage_explanation.pdf
https://energy.gov/sites/prod/files/2015/05/f22/fcto_targets_onboard_hydro_storage_explanation.pdf
http://dx.doi.org/10.1038/s41467-017-01633-x
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Oxygen-rich microporous carbons with exceptional hydrogen storage capacity
	Results
	Elemental composition and nature of carbon
	Porosity
	Oxygen functional groups
	Hydrogen storage

	Discussion
	Methods
	Materials synthesis
	Materials characterisation
	Hydrogen uptake measurements
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS


