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Abstract

Highly porous carbons prepared from pre-mixtures of polypyrrole and raw sawdust or sawdust

hydrochar achieve much higher surface area than is possible from single use of any one of the

precursors. The pre-mixed precursors offer carbons with ultrahigh surface area (up to 3815 m2 g-

1) and pore volume (up to ~2.6 cm3 g-1) comprising of two pore systems in the micropore (6 - 12

Å) and mesopore (22 – 28 Å) range. The porosity can be tailored via choice of pre-mix precursor

ratios such that it is possible, under identical activation conditions, to generate carbons that are

either microporous or mesoporous. The elemental composition of the precursors and in particular

the molar ratio of oxygen to carbon (i.e., O/C molar ratio) is a key variable in determining the

development of mesopores, with a high ratio favouring greater mesoporosity. The resulting

activated carbons are homogeneous regardless of the pre-mix precursor ratios, and exhibit

excellent hydrogen storage capacity that is much higher than can be attained by single-precursor

derived samples. The carbons have excess hydrogen uptake (at -196 ºC) of up to 3.6 wt% (at 1

bar) and 6.7 wt% (at 20 bar). The total hydrogen uptake is up to 8.1 wt% (at 20 bar), and 10 wt%

(at 40 bar), which is much higher than for most currently available benchmark porous materials.

Due to their lower mesoporosity, the pre-mix samples have improved packing density, which

means that their volumetric hydrogen uptake (at 40 bar) is much greater (ca. 40 g l-1) than that

of single precursor samples (ca. 28 g l-1). The carbons are comparable to or outperform many

benchmark materials such as MOFs in terms of their hydrogen uptake, including gravimetric

uptake, volumetric uptake and deliverable hydrogen capacity (100 to 5 bar at 77 K). The carbons

also have attractive room temperature hydrogen storage capacity. Our findings provide a new

method for modulating the porosity of carbons that goes beyond current practice. Furthermore,

the new insights on the effect of O/C ratio make it possible to predict the activation behaviour of

precursors in a manner that allows optimising porosity of carbons to match specific applications

as demonstrated here for hydrogen storage.
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1. Introduction

A possible solution to limiting CO2 emissions to the atmosphere is the use of hydrogen as

an energy carrier and/or the capture and storage of CO2.1-5 The use of hydrogen for energy

production and the capture and sequestration of CO2 requires materials that can efficiently

store and transport gases.1-7 In the case of hydrogen storage, a wide range of materials have

been explored, including porous carbons,8-18 metal organic frameworks (MOFs),19-24 and

covalent organic frameworks (COFs).25,26 Carbon-based materials are increasingly receiving

attention as energy storage materials in applications that are dependent on their porosity,

including storage of energy related gases, and as electrode materials for supercpacitors.8-18,27-31

This is because carbons, especially activated carbons, offer several attractive features such as

controllable porosity, low cost, ready availability, stability (chemical and mechanical), and

ease of preparation and handling. The unique structural features of activated carbons are

dependent on the nature and type of carbonaceous precursor used, activation method and

activation conditions. Activated carbons may be synthesised from a wide range of

carbonaceous matter.18-18,27-36 However, biomass-derived activated carbons are arguably the

most attractive due to their being environment-friendly, cheap, readily available, and

renewable.37-42 On the other hand, activated carbons may also be prepared from polymers

such polypyrrole or polythiophene, which offer the possibility of conductivity, high levels

of mesoporosity and heteroatom doping.29,33,34,43,44

To-date, the porosity and other properties of chemically activated carbons are

controlled by varying factors such as type of precursor (starting material) and activation

conditions (time, temperature and amount of activating agent). Although a wide range of

carbonaceous materials are usable as precursors to porous carbons, as far as we are aware,

there have been no attempts at the use of pre-mixed precursors as the only avenue to

controlling, tailoring and/or enhancing the porosity of activated carbons. Furthermore, there
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is currently no way to predict the activation behaviour of carbonaceous matter. Recent

studies have hinted that the nature of a carbonaceous precursor may have some influence on

susceptibility to activation.13,42,45,46 This is important because the susceptibility to activation

is what determines the level and mix of porosity (i.e., proportion and size of micropores and

mesopores) generated in the activated carbon. For example, whilst certain biomass-derived

carbonaceous matter is relatively resistant to activation and generally yields carbons with

significant microporosity,46 polypyrrole on the other hand is readily activateable and offers

carbons that are highly mesoporous.33 This report, explores the preparation of activated

carbons from pre-mixed precursors that contain a mix of carbonaceous materials that are

known to respond differently to similar levels of activation. The motivation for the work is

three-fold; (i) valorisation of cheap carbonaceous matter to carbons with porosity that is not

achievable directly via use of single precursors, (ii) attempts to identify the factors that may

allow prediction of the activation behaviour of carbonaceous matter, and (iii) optimisation

of the porosity of carbons targeted at high performance hydrogen storage. We, accordingly,

report on the use of carbonaceous precursors that contain a polymer (polypyrrole) and

eucalyptus wood sawdust via either (i) direct activation of mixtures of polypyrrole and raw

sawdust, or (ii) conversion of sawdust to hydrochar followed by activation of sawdust

hydrochar/polypyrrole mixtures. The activation conditions (i.e., amount of activating agent,

activation time and temperature) were kept constant with the ratio of polypyrrole to sawdust

or sawdust hydrochar as the only variable for control of porosity. This set-up enabled us to

target porosity suitable for hydrogen uptake in a manner that is not achievable via activation

of any one of the precursors on their own. Furthermore, the experimental set-up provided

new insights on the critical role of the O/C ratio of the carbonaceous precursors in

determining the activation behaviour and the extent to which micropores and/or mesopores

are generated.
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2. Experimental Section

2.1 Material Synthesis

Sawdust from eucalyptus wood was washed with distilled water to remove any impurities,

dried in an oven at 120 oC overnight and sieved to obtain a homogenous particle size (<

212 μm) sample designated as SD. Some of the sawdust was converted to hydrochar via 

hydrothermal carbonization as previously reported.9,42,47 An aqueous dispersion of the

sawdust at a concentration of 320 gL-1 (6.4 g of sawdust in 20 ml of water) was placed in a

stainless steel autoclave and heated, at a ramp rate of 5 oC min-1, to 250 oC for 2 h. The

resulting carbon enriched hydrochar, designated as H, was washed with distilled water and

dried in an oven at 120 oC.

Polypyrrole (designated as PPY) was prepared by adding 3 g of pyrrole to 200 mL of 0.5 M

FeCl3 solution and stirring the mixture for 2 h at room temperature, as shown in Scheme 1

(Supporting Information). The polypyrrole was recovered, washed with distilled water and

dried in an oven at 120 oC. The yield from pyrrole to polypyrrole was close to 100%.

For activation, two sets of samples were prepared from PPY/SD or PPY/H mixtures.

Mixtures of PPY:SD:KOH or PPY:H:KOH at weight ratio of 1:3:4, 1:2:4, 1:1:4 or 2:1:4

were activated at 800 oC. The amount of KOH and activation temperature were identical for

all preparations. The mixtures were ground until homogeneous and placed in a tube furnace

and heated under nitrogen for 1 h at the target temperature following a heating ramp rate of

3ºC min-1. After cooling, the activated carbons were thoroughly washed with 10 wt% HCl,

followed by washing with distilled water until neutral pH was achieved for the filtrate. The

activated carbons were dried overnight in an oven at 120 ºC and designated as PPYSDxyzt

or PPYHxyzt where xyz is ratio (x:y:z) of the x = PPY, y = raw sawdust (SD) or hydrochar

(H), z = KOH, and t is temperature of activation (800 °C).
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2.2 Materials Characterisation

Elemental (CHN) analysis was performed using an Exeter Analytical CE-440 Elemental

Analyser. Thermogravimetric analysis (TGA) curves were obtained on a TA Instruments

SDT Q600 analyser under flowing (100 mL/min) air conditions. The porosity of the carbons

was determined via nitrogen sorption using a Micromeritics 3FLEX sorptometer. Prior to

analysis (at -196 oC), the carbons were degassed under vacuum at 200 oC for 12 h. The

surface area was calculated using the Brunauer-Emmett-Teller (BET) method applied to

adsorption data in the relative pressure (P/Po) range of 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. Non-

local density functional theory (NL-DFT) applied to nitrogen adsorption isotherms was used

to determine the pore size distribution. SEM images were recorded using an FEI Quanta200

microscope, operating at a 5 kV accelerating voltage. Transmission electron microscopy

(TEM) images were obtained using a JEOL 2100F instrument operating at 200 kV equipped

with a Gatan Orius CCD for imaging. The samples were suspended in distilled water and

dispersed onto lacey carbon support film prior to analysis.

2.3 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 for 24

h at 80 ºC and then placed in the analysis chamber and degassed at 200 oC and 10-10 bar for

4 – 6 h. The hydrogen uptake measurements were performed at -196 oC (in a liquid nitrogen

bath) over the pressure range of 0 to 100 bar.
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3. Results and Discussion

3.1 Properties of Activated Carbons

Given the ‘mixed’ nature of the starting carbonaceous materials, it was essential to monitor

the activation process to ensure that the final activated carbons were homogeneous (one-

phase) materials. The surface structure and morphology of the carbon precursors was probed

using scanning electron microscopy (SEM), and the images are shown in supporting Figure

S1. The morphology of polypyrrole (PPY) consists of globular and spherical particles

loosely aggregated into larger assemblies, while the raw sawdust (SD) and sawdust

hydrochar (H) show well-defined fibre-like particles with honeycomb holes/voids, typical

of lignocellulosic biomass materials or char particles derived from lignocellulosic

biomass.47-49 The morphology of hydrochar, when compared to raw sawdust, shows the

effect of hydrothermal treatment; the hydrochar particles appear uneven and with rougher

surface topology, which may be ascribed to decomposition of hemicellulose as well as the

depolymerisation of cellulose and partial degradation of lignin.50-53 On activation, however,

the resulting activated carbons, regardless of composition of the pre-mixed precursor, show

a fairly similar particle morphology (Supporting Figure S2) that is vastly different from that

of any of the three precursors (Figure S1). The activated carbons consist of particles with

smooth surfaces and large conchoidal cavities. Such a particle morphology is consistent

with what has been observed previously for activated carbons derived from a wide range

of sources.54-56 Indeed, it is now generally accepted that all activated carbons generated

via KOH activation possess comparable morphology and that the starting precursor

material has little influence on the morphology.

To assess the carbon purity (i.e., lack of inorganic matter) of precursor materials and

activated carbons and to assess their thermal stability, we performed thermogravimetric

analysis under flowing air conditions. For the sawdust hydrochar and polypyrrole, and all
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activated carbons (Supporting Figure S3), there is an initial mass loss of 2 – 5 wt% below

300 oC, which is attributable to loss of water or volatiles. This is followed by further mass

loss, due to carbon burn off, between ca. 300 oC and 800 oC for the precursor materials, and

ca. 400 oC and 620 oC for the activated carbons. The precursor materials have no residual

mass, which confirms that they are fully carbonaceous, while the activated carbons had very

low residual matter after thermal treatment in air, which also confirms their carbonaceous

nature. The elemental composition of the precursors (polypyrrole, raw sawdust and sawdust-

derived hydrochar) and activated carbons derived from pre-mixed precursors are given in

Table 1. We firstly note that the precursors differ in their O/C ratio, i.e., 0.672 (polypyrrole),

0.773 (raw sawdust) and 0.483 for sawdust hydrochar. The C content of the activated carbons

increases compared to that of the precursors, accompanied with decrease in the N, H and O

content. When polypyrrole is subjected to activation (sample PPY4800), the carbon content rises

from 44.5 to 87 wt%. In contrast, the N content (wt%) and H content (wt%) decreases,

respectively, from 12.6 and 3.0 to 0.9 and by 0.2. On activation of the raw sawdust (sample

SD4800D), the C content increases from 46.4 wt% to 85.8 wt% and the H content of 5.8 wt%

is virtually all removed. Hydrothermal carbonisation of the sawdust to hydrochar increases

the C content from 46.4 wt% to 57.4 wt% but with no change in the H content meaning that

the O content reduces from 47.8 to 37 wt%. Activation of the hydrochar (sample SD4800)

increases the C content to 89.7 wt% and virtually all the H is removed. All the activated

carbons, regardless of the precursor, have C content of between 83 and 90 wt%. It is

noteworthy that a higher PPY content in the pre-mixed precursor results in greater amounts

of N in the activated carbons with the N content ranging between 0.5 and 1.6 wt%. The

overall picture that emerges from the elemental composition data in Table 1 is that the

activated carbons, regardless of the nature of the pre-mixed precursor they are derived from,

have comparable C, H and O content. Furthermore, for both sets of samples, the N content
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remains low but slightly increases for samples prepared from pre-mixed precursors with high

amount of polypyrrole.

Table 1. Elemental composition of precursors (polypyrole, raw sawdust and sawdust-

derived hydrochar) and activated carbons derived from pre-mixed precursors.

Sample C [%] H [%] N [%] O [%] (O/C)a

Polypyrrole b 44.5 3.0 12.6

PPY4800 87.0 0.2 0.9 11.9 0.103

Raw Sawdust 46.4 5.8 0 47.8 0.773

SD4800D 85.8 0.3 0 13.9 0.122

Sawdust hydrochar 57.4 5.6 0 37.0 0.483

SD4800 89.7 0.1 0 10.3 0.086

PPYSD134800 89.0 0 0.6 10.4 0.088

PPYSD124800 87.8 0 0.8 11.4 0.097

PPYSD114800 87.6 0.1 1.0 11.3 0.097

PPYSD214800 84.5 0 1.2 14.3 0.127

PPYH134800 83.8 0.2 0.5 15.5 0.140

PPYH124800 83.0 0 1.2 15.8 0.143

PPYH114800 87.8 0 1.6 10.6 0.090

PPYH214800 87.0 0 1.6 11.4 0.098

aAtomic ratio. bNominal O content of 39.9% obtained as O = 100-C-H-N, which
gives O/C ratio of 0.672.

3.2 Textural Properties and Porosity

The nitrogen sorption isotherms and corresponding pore size distribution (PSD) curves for

the PPYSDxyxt set of samples, the PPY-only derived sample (PPY4800) and raw sawdust

(SD) only derived sample (SD4800D), are shown in Figure 1. It is noteworthy that both the

PPY-only derived sample (PPY4800) and raw sawdust (SD) only derived sample
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(SD4800D) exhibit isotherms that are typical of predominantly mesoporous materials

(Figure 1A), which is consistent with previous reports.33,49 Based on this early data, we

propose that the proportion of mesoporosity generated in the activated carbons, and thus the

ease of activation, is related to the O/C ratio in the precursors. In this regard, PPY and raw

sawdust are readily activated and generate significant mesoporosity due their relatively high

O/C ratio of 0.672 and 0.773, respectively. Given that all the PPYSDxyxt mixed precursor

samples were prepared under similar conditions, the expectation was that they would all

exhibit mesoporous characteristics similar to those of PPY4800 and SD4800D. It is therefore

interesting to note that not all the isotherms in Figure 1A are indicative of the samples being

predominantly mesoporous, and in any case some of the isotherms differ significantly from

those of PPY4800 and SD4800D. In particular, the sample made from a 1:3 mixture of PPY

and SD (i.e., PPYSD134800) tends towards being more microporous and exhibits a

relatively sharp adsorption knee. This clearly indicates that the nature of the precursor

mixture can significantly affect the micropore/mesopore proportions in the activated

carbons. Samples prepared from 1:1, 1:2 and 2:1 mixture of PPY and SD (PPYSD114800,

PPYSD124800 and PPYSD214800) show only moderate mesoporosity that is intermediate

between that of the PPY4800 and SD4800 samples and that of the sample derived from a

1:3 PPY/SD mixture. It therefore appears that, for activation at 800 oC and KOH/precursor

ratio of 4, mixing of polypyrrole and raw sawdust in the precursor mix reduces the level of

mesoporosity, and that the extent of the reduction is greatest at greater differences in the

relative amounts of each precursor (i.e., PPY/SD ratio of 1:3). We interpret the decrease in

mesoporosity as being an indication of greater resistance to activation by the 1:3 pre-mixture.

The greater resistance may arise from formation of composites between the polypyrrole and

the components of sawdust, namely lignin, cellulose and hemi-cellulose. Such composites

are known to exist and are considered to be mixtures wherein either of the components
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‘dissolves’ into the other to form stable formations held together by hydrogen bonds.56-58

Such an arrangement may be best achieved with a 1:3 mixture where there is an excess

(solvent) of one component, while the other of lower amounts acts as ‘solute’. It is likely

that such composites are formed during the slow heating rate (3o/min) considering that the

melting point of polypyrrole is lower than that of KOH. No significant activation reactions

(i.e., interactions between precursor and KOH) are expected to occur at temperatures below

500 oC. It is therefore possible that composites containing woody material and PPY are

formed prior to the activation process, and that such composites are more resistant to

activation than either of PPY or SD, and that they are best formed at PPY:SD ratio of 1:3.
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Figure 1. (A) Nitrogen sorption isotherms and (B) pore size distribution curves of single

precursor samples, PPY4800 (polypyrole, PPY) and SD4800D (raw sawdust, SD), and

carbons derived from pre-mixed precursors containing PPY and SD at various weight ratios.

The pore size distribution of the PPY/SD carbons is shown in Figure 1B, and the pore

size maxima values obtained from the curves are given in Supporting Table S1. The PPY-

only (PPY4800) and sawdust-only (SD4800D) derived samples exhibit bimodal pore size
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distribution with a small proportion of micropores centred at ca. 12 Å, and a much larger

proportion of mesopores centered at ca. 30 Å. However, for pre-mix samples, the size of

mesopores varies depending on the PPY:SD ratio. The sample made from a 1:3 mixture of

PPY and SD (PPYSD134800) has a relatively smaller proportion of mesopores centred at

21 Å, which is consistent with the observation that the sample tends towards being

microporous. Indeed, only a small proportion of pores in this sample are larger than 20 Å.

For samples PPYSD124800 and PPYSD114800, the mesopores are slightly larger (22 Å),

while for sample PPYSD214800 there is a larger proportion of wider (i.e., centered at 25 Å)

mesopores. The variation in proportion and size of mesopores confirms that the nature of the

precursor mix significantly affects the size of pores generated in the activated carbons.

Therefore, in general, for activation at 800 oC and KOH/precursor ratio of 4, the addition of

greater amounts of sawdust to the precursor mix reduces the size of pores generated towards

being predominantly in the supermicropore range.

The textural parameters of the activated carbons are summarised in Table 2. The

PPY-only derived sample (PPY4800) has surface area of 2965 m2g-1 and pore volume of

2.34 cm3g-1, while the SD-only derived sample (SD4800D) has surface area of 2980 m2g-1

and pore volume of 2.1 cm3g-1. All the PPY/SD carbons possess high or ultra-high surface

area, which ranges between 2740 and 3500 m2g-1, and pore volume in the range 1.3 – 1.8

cm3g-1. The highest surface area for a PPY/SD sample is for PPYSD124800 (3477 m2g-1)

followed by PPYSD114800 (3279 m2g-1), and it is noteworthy that the surface area of these

samples is higher than that of either PPY-only (2965 m2g-1) or SD-only (2980 m2g-1) derived

carbons. The PPY/SD sample that tends towards being microporous (PPYSD134800) has

lower surface area of 2739 m2g-1, which is lower than that of PPY-only (2965 m2g-1) or SD-

only (2980 m2g-1) derived carbons. However, in all cases the pore volume of the PPY/SD

samples (1.3 – 1.8 cm3g-1) is lower than that of PPY-only (2.3 cm3g-1) or SD-only (2.1 cm3g-
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1) derived carbons. The greatest reductions in pore volume are for the more microporous

PPYSD134800 sample. As shown in Table 2, the highest microporosity (ca. 50% of both

pore volume and surface area) is exhibited by sample PPYSD134800. The sample prepared

at PPY:SD ratio of 1:2 also exhibits considerable microporosity (ca. 35%). As shown in

Table 2, the proportion of volume arising from mesopores (referred to as mesoporosity)

increases with increasing amount of polypyrrole in the pre-mix precursor in the range 53 –

90%. Indeed, the most mesoporous PPY/SD sample (PPYSD214800) has 90% of pore

volume arising from mesopores, which is comparable to that of PPY-only (92%) or SD-only

(86%) derived carbons.

Table 2. Textural properties, excess and total hydrogen uptake of activated carbons derived

from single precursors (polypyrrole, raw sawdust and sawdust-derived hydrochar) or pre-

mixed mixtures of the precursors.

Sample Surface areaa

(m2g-1)
Pore volumeb

(cm3g-1)
Vmes

c

(%)
H2 uptake (wt%)d

1 bar 20 bar 40 bar 100 bar

PPY4800 2965 (287) 2.34 (0.18) 92 2.2 6.4 (4.9) 8.1 (5.1) 10.9

SD4800D 2980 (478) 2.10 (0.30) 86 2.5 6.3 (5.0) 7.9 (5.2)

SD4800 2783 (694) 1.80 (0.36) 80 2.4 6.1 (5.0) 7.3 (5.2)

PPYSD134800 2739 (1562) 1.31 (0.62) 53

PPYSD124800 3477 (1356) 1.78 (0.62) 65 3.6 7.5 (6.3) 8.9 (6.6) 11.1

PPYSD114800 3279 (1015) 1.70 (0.39) 77 2.7 6.5 (5.4) 7.8 (5.6) 9.8

PPYSD214800 3085 (452) 1.76 (0.18) 90 2.7 6.4 (5.3) 7.8 (5.5) 9.8

PPYH134800 1828 (1468) 0.83 (0.59) 29

PPYH124800 2227 (1569) 1.04 (0.62) 40

PPYH114800 3815 (1377) 2.18 (0.66) 70 3.3 8.1 (6.7) 10.0 (7.1) 12.6

PPYH214800 3583 (887) 1.97 (0.35) 82 3.0 7.3 (6.0) 8.8 (6.2) 11.1
aThe values in the parenthesis are micropore surface area. bThe values in the parenthesis are
micropore volume. cProportion of pore volume arising from mesopores. dThe values in
parenthesis are the excess hydrogen uptake.
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The porosity data discussed above indicates that addition of sawdust to polypyrrole

acts to reduce the overall mesoporosity of the resulting activated carbons. Several previous

studies have hinted that the extent of activation of a carbonaceous precursor may be related

to elemental composition. To test and clarify this hypothesis further, we used pre-mixed

precursors containing PPY and sawdust hydrochar, which has a O/C ratio of 0.483. The

expectation was that the presence of hydrochar in the pre-mixed precursor would act to limit

the mesoporosity to an even greater extent (compared to PPY/SD samples) due to the lower

O/C ratio of the hydrochar compared to sawdust and the fact that the hydrochar is not

expected to form any stable formations in a manner similar to the PPY/sawdust composites

as discussed above. The nitrogen sorption isotherms of the PPYHxyxt carbons are shown in

Figure 2A, and the corresponding pore size distribution (PSD) curves and are shown in

Figure 2B. The nitrogen sorption isotherms suggest that, in general, the porosity of the

PPY/H carbons is lower than that of PPY/SD equivalents. The isotherms show great

variability between the samples, but there are also some apparent trends. The amount of

nitrogen adsorbed appears to be related to the amount of PPY present in the precursor mix,

i.e., decreases in the order PPYH114800 ~ PPYH214800 > PPYH124800 > PPYH134800.

It appears therefore that the addition of sawdust hydrochar to the precursor mix reduces the

extent of porosity/mesoporosity generated to the extent that samples PPYH124800 and

PPYH134800 have isotherms that suggest that they are significantly microporous. This trend

confirms that the nature of the precursor significantly affects the micropore/mesopore mix

in the activated carbons, and is also consistent with the lower O/C ratio of the hydrochar.
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Figure 2. (A) Nitrogen sorption isotherms and (B) pore size distribution curves of single

precursor, PPY4800 (polypyrole, PPY) and SD4800 (raw sawdust hydrochar, H), and

carbons derived from pre-mixed precursors containing PPY and H at various weight ratios.

The pore size distributions of the PPY/H carbons are shown in Figure 2B, and the

pore size maxima values obtained from the curves are given in supporting Table S1. The

pore size distribution of the PPY/H carbons differs quite significantly from that of PPY4800

and SD4800. Sample PPYH134800, PPYH124800 and PPYH214800 are dominated by

micropores of size between 9 and 16 Å. Indeed, the pore size of these samples prepared from

a PPY/H precursor mix ratio of 1:2. 2:1 or 1:3 is dominated by micropores with hardly any

pores larger than 20 Å. On the other hand, sample PPYH114800 contains a large proportion

of pores centre at 25 Å. In general, the presence of mesopores in the PPY/H set of samples

can be related to the amount of PPY in the precursor mix, and the size of the mesopores

varies depending on the PPY:H ratio.

The textural parameters of the PPY/H carbons are summarised in Table 2. All the

carbons possess moderate, high or ultra-high surface area, which ranges between 1800 and

3815 m2g-1, and pore volume in the range 0.8 – 2.3 cm3g-1. The highest surface area is for
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PPYH114800 (3815 m2g-1) followed by PPYH214800 (3583 m2g-1). The addition of sawdust

hydrochar to the precursor mix at non-equal amounts (i.e., ratios 1:2. 2:1 and 1:3) has a

significant effect of the total surface area except for sample PPYH214800. However, in

general, the addition of sawdust hydrochar to the precursor mix reduces the pore volume,

with the greatest reductions being for samples prepared from 1:2 or 1:3 PPY:H ratios

(samples PPYH124800 and PPYH134800, respectively). The volume arising from

mesopores increases with the amount of PPY in the precursor. This means that increase in

the amount of sawdust hydrochar in the precursor mix reduces the proportion of mesopores.

This is consistent with our proposal that the sawdust hydrochar has a lower O/C ratio and

therefore expected to be more resistant to activation compared to polypyrrole.

The pore channel ordering of both sets of carbons can be observed using TEM

imaging. Both sets of carbons ((Supporting Figure S4 and S5) exhibit wormhole type pore

channel ordering that is typical of activated carbons. The TEM images for both sets of

activated carbons show no significant evidence of the presence of graphitic domains, which

is consistent with the high porosity observed.

The effect of elemental composition, and in particular the O/C ratio, on the activation

of various precursors and generation of mesoporosity may be clarified by considering the

behaviour of a number of carbonaceous matter with varying O/C ratio. In this regard, we

compared the porosity of PPY4800, SD4800D and SD4800 to that of equivalent activated

carbons derived from hydrochars of lignin54 and Jujun grass,42 and carbonaceous matter

obtained from biomass via carbonisation in the presence of air (i.e., via flash carbonisation

that involves a flame).46,48 The selected carbonaceous precursors differ significantly in their

elemental (C, H, O) compositions and O/C ratio as shown in supporting Table S2. The O/C

ratio varies between 0.185 and 0.773 in the order raw sawdust > PPY > Jujun grass hydrochar

> sawdust hydrochar > lignin hydrochar > flash carbonised sawdust > CNL1 carbon. All the
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carbonaceous precursors were similarly activated (i.e., at 800 oC and KOH/precursor ratio

of 4). We then compared the nitrogen sorption isotherms and pore size distributions (Figure

3) and textural properties (Table 3) of the resulting activated carbons. The textural data very

clearly shows that there is a relationship between the O/C ratio of the precursor and extent

of mesoporosity generated in the activated carbons. The amount of nitrogen adsorbed (Figure

3B) closely follows the trend in O/C ratio. The shapes of the isotherms also indicate that

carbonaceous precursors with high O/C ratio generate activated carbons (e.g. PPY4800 and

SD4800D) with ‘gentle knees’ that have significant adsorption at relative pressure above

P/Po = 2. On the other hand, the isotherms of activated carbons obtained from precursors

with low O/C ratio (e.g., CNL1-4800 and ACSD-4800) have ‘sharp knees’ with hardly any

increase in adsorption above P/Po = 0.2.

Relative pressure (P/Po)

0.0 0.2 0.4 0.6 0.8 1.0

V
o
lu

m
e

a
d

s
o
rb

e
d

(
c
m

3
/
g

S
T
P

)

0

200

400

600

800

1000

1200

1400

1600
(A)

PPY-4800
SD-4800D
CNLI-4800

SD-4800
ACSD-4800

LAC-4800
ACGR-4800

Pore size (Å)
0 20 40 60 80 100 120

P
o

re
v
o

lu
m

e
(
c
m

3
/

g
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
(B)

Figure 3. (A) Nitrogen sorption isotherms and (B) pore size distribution curves of activated

carbons derived from polypyrrole (PPY-4800), raw sawdust SD-4800D), sawdust hydrochar

(SD-4800), CNL1 carbon (CNL1-4800), flash air carbonized sawdust (ACSD-4800), lignin

hydrochar (LAC-4800) and Jujun grass hydrochar (ACGR-4800). All the activated carbons

were prepared at activation temperature of 800 oC and KOH/precursor ratio of 4.
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Table 3. Textural properties and O/C ratio of activated carbons derived from polypyrrole

(PPY-4800), raw sawdust SD-4800D), sawdust hydrochar (SD-4800), CNL1 carbon (CNL1-

4800), flash air carbonized sawdust (ACSD-4800), lignin hydrochar (LAC-4800) and Jujun

grass hydrochar (ACGR-4800). All the activated carbons were prepared at activation

temperature of 800 oC and KOH/precursor ratio of 4.

The values in the parenthesis refer to: amicropore surface area and bmicropore volume.
cpore size distribution maxima obtained from NLDFT analysis. Meso SA and Meso PV are

proportion (%) of surface area and pore volume, respectively, arising from mesopores.

As discussed above, precursors with higher O/C ratio generate activated carbons

(PPY4800 and SD4800) that are essentially mesoporous (i.e., easy to activate), while low

O/C ratio precursors that are resistant to activation tend to yield carbons that are more

microporous (CNL1-4800 and ACSD-4800). The level of mesoporosity is a measure of the

ease of activation of the precursors; high O/C ratio precursors are readily activated (or more

activated with larger pores) while low O/C precursors are more resistant to activation with

KOH and therefore mainly possess micropores. Thus, sample CNL1-4800 is almost entirely

microporous (i.e., proportion of micropore volume or microporosity is 84%), while on the

other end of the scale samples PPY4800 and SD4800D have microporosity of only 10 –

16%. Indeed, CNL1-4800 has hardly any mesopores, while PPY4800 has virtually no

micropores (Figure 3B) because of their vastly different O/C ratio (0.672 for PPY vs 0.185

Sample Precursor
O/C ratio

Surface
areaa

(m2 g-1)

Meso
SA
(%)

Pore
volumeb

(cm3 g-1)

Meso
PV
(%)

Pore sizec

(Å)

PPY4800 0.672 2965 (287) 90 2.34 (0.18) 92 12/30

SD4800D 0.773 2980 (478) 84 2.10 (0.30) 86 12/29

SD4800 0.483 2783 (694) 75 1.80 (0.36) 80 11/27

CNL1-4800 0.185 2183 (1886) 14 1.05 (0.84) 20 6.5/8.5/16

ACSD-4800 0.251 2610 (1892) 28 1.15 (0.74) 36 6/8/10/16

LAC-4800 0.319 3235 (1978) 39 1.77 (0.93) 47 8/11/27

ACGR-4800 0.519 2957 (1578) 47 1.72 (0.75) 56 8/12/27
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for CNL1 carbon). We, furthermore, note that an attempt to directly activate cellulose

acetate, which has a high O/C ratio of 0.93, failed as no carbon yield was obtained. We

interpret the lack of any yield as an indication of complete burn-off of the cellulose acetate

due to being readily activateable. These observations are consistent with our explanations

for the trends in the porosity of the carbons obtained from the pre-mixed precursors and offer

new insights on the possibility of tailoring the porosity of activated carbons by simple

selection of single or a mix of precursors. Regarding the effect of high O/C ratio, it is likely

that higher O content signifies the presence of a greater proportion of O-containing polar

functional groups that improve the ease of activation. In contrast, low O/C ratio is associated

with presence of stable carbon forms that are resistant to activation.45

To further probe the content of oxygen in the precursor materials, and to have

independent verification of the O/C ratio, we performed X-ray photoelectron spectroscopy

(XPS). Wide XPS scans were used to quantify the elemental composition of three precursor

samples, namely sawdust hydrochar, polypyrrole and CNL1 carbon. For sawdust hydrochar

and CNL1 carbon, only O and C were present in detectable quantities (Supporting Figure

S6). While as expected polypyrrole also contained N in addition to O and C. Regarding the

C and O content, it is interesting to note that both the sawdust hydrochar and polypyrrole

contain a high amount of O, while the CNL1 carbon has a much lower O content. These

findings are exactly in line with the elemental composition reported in Table 1. Indeed, the

oxygen contents (wt%) on the surface estimated from the XPS spectra are comparable to

those obtained via elemental (i.e., CHN) analysis, being 33.7% (sawdust hydrochar), 34.5%

(polypyrrole) and 17.9% (CNL1 carbon). These values are particularly important in

confirming that the polypyrrole used in this study contained a significant amount of O, which

is consistent with previous studies on similar polymers.59-61 The nature of the precursor

materials and their oxygen content was further explored by performing temperature



20

programmed desorption (TPD). TPD is a useful tool as it enables tracking of any desorbed

CO2, which comes from functional groups such as carboxylic acids, lactones and anhydrides

that are less thermally stable, and CO from more thermally stable carbonyls, quinonic or

phenolic groups.62 Desorption of CO2 occurs between 150 and 550 oC, while CO is desorbed

at higher temperature of 400 - 950 oC. The TPD profiles obtained for the selected precursor

materials (Supporting Figure S7) are consistent with those previously reported for

carbonaceous matter.62 More importantly, the TPD profiles allow an independent (from

elemental analysis data) verification of the oxygen content and O/C ratio. The oxygen

content estimated from the TPD profiles (i.e., 37.7% (sawdust hydrochar), 38.4%

(polypyrrole) and 18.5% (CNL1 carbon)) was comparable to that from CHN elemental

analysis (Table 1), which was added verification of the O/C ratio of the precursor materials.

3.3 Hydrogen Storage

To date, the best performing carbon-based hydrogen storage materials are zeolite-templated

carbons,11,14,15,63-66 carbide-derived carbons (CDCs)67 and activated carbons.13,29-34,68,69 The

hydrogen storage capacity of the PPY/SD and PPY/H carbons was determined at -196 oC

and in the pressure range 0 – 100 bar, with particular emphasis on uptake at 40 bar. The

emphasis on uptake at 40 bar was informed by two reasons; (i) cryo-storage at such a

pressure has recently received strong consideration as being viable for low-pressure

vehicular hydrogen storage,70-73 and (ii) the excess hydrogen uptake under cryogenic

conditions tends to be at a maximum at ca. 40 bar and is therefore a good indicator of a

solid’s performance in storing hydrogen once packed into a confined space compared to the

empty space. For porous materials, it is known that the cryogenic hydrogen storage capacity

requires high surface area.74-78 Therefore, in this study, we only assessed the hydrogen uptake

of PPY/SD and PPY/H carbons with surface area higher than 3000 m2g-1.
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Our hydrogen uptake measurements, obtained using a Hiden XEMIS analyser, were

set up to determine the excess storage capacity from which the total hydrogen stored at any

given pressure may be calculated using established procedures (further details are in the

Supporting Information). The hydrogen uptake is presented as wt% based on the dry material

(carbon) weight. We firstly note that the excess hydrogen uptake of the single precursor

samples (PPY4800, SD4800D and SD4800) is quite similar (Supporting Figure S8 and Table

2). Thus, rather than use the hydrogen storage capacity of all three samples as a baseline for

our discussions below, we instead only use the uptake PPY4800 as it is the common

precursor in all the samples. The excess hydrogen uptake isotherms of PPY4800 along with

those of the PPY/SD and PPY/H carbons are presented in Figure 4, and Table 2 summarises

the hydrogen storage capacity for both sets of carbons at 1, 20 and 40 bar. The hydrogen

uptake isotherms are completely reversible with no hysteresis in the pressure range 0 – 100

bar. At 1 bar, the single precursor samples store 2.2 – 2.5 wt% hydrogen. For the PPY/SD

samples, the hydrogen storage capacity at 1 bar is between 2.7 and 3.6 wt%, while for the PPY/H

samples it is in the range of 3.0 to 3.3 wt%. Uptake of 2.7 to 3.6 wt% at 1 bar for the pre-mix

samples is very high and amongst the highest ever reported for carbons. The hydrogen uptake at

pressures between 20 bar and 40 bar is often used as measure of a carbon’s efficiency for

hydrogen storage under ‘low to moderate’ pressure. As shown in Figure 4 and Table 2, at 20 bar,

the excess hydrogen uptake of the pre-mix carbons varies between 5.3 and 6.7 wt% compared to

ca. 5.0 wt% for the single precursor samples. This represents a 34% increase in excess hydrogen

storage capacity for sample PPYH114800 (6.7 wt%) compared to PPY4800 (4.9 wt%) and

SD4800 (5.0 wt%). The excess hydrogen uptake at 20 bar appears to be determined by several

factors, namely, (i) the total surface area, with uptake of 6.7 wt% for the highest surface area

sample (PPYH114800); (ii) the trend in micropore surface area, which decreases in the same

manner as the hydrogen uptake, and (iii) the PPY:SD or PPY:H ratio in the precursor mix, with
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greater amounts of sawdust or hydrochar appearing to favour higher hydrogen uptake, which may

simply be due to the fact that greater amounts of sawdust or hydrochar in the precursor mix lead

to higher levels of microporosity.
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Figure 4. Hydrogen uptake isotherms of single precursor PPY4800 (polypyrole, PPY) and

(left panel) PPY/SD carbons derived from pre-mixed precursors containing PPY and raw

sawdust (SD), and (right panel) PPY/H carbons derived from pre-mixed precursors

containing PPY and sawdust hydrochar (H) at various weight ratios.

As shown in Figure 4, the carbons achieve their maximum excess uptake at ca. 40 bar.

The excess uptake at 40 bar is summarised in Table 2 and generally follows the trends discussed

above for uptake at 20 bar. The highest excess uptake at 40 bar for the pre-mix precursor samples

is 7.1 wt% for sample PPYH114800, while the lowest is 5.5 wt% for PPYSD214800. This means

that all the tested pre-mix precursor samples outperform the single precursor uptake of ca. 5.2

wt%., with the best performance representing an improvement in storage capacity of 37%. For

the pre-mix precursor samples, the total hydrogen uptake at 20 bar is in the range 6.4 to 8.1 wt%.

Hydrogen uptake of 8.1 wt% for sample PPYH114800, which is an improvement of ca. 30% over
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the single precursor samples, is very impressive and compares favourably with the best carbons

reported so far. For context, the best reported hydrogen uptake values under similar conditions (-

196 oC and 20 bar) are; 7.3 wt% for polypyrrrole-only derived compactivated carbons,29 7.08

wt% for a carbon that was both physically and chemically activated,69 7.1 wt%, for a sawdust-

derived compactivated carbon,29 7.3 wt% for a zeolite templated carbon,14 8.2 and 9.4 wt% for

activated carbon derived from hydrochar of, respectively, fresh and smoked cigarette butts,66 and

8.1 wt% for oxygen-rich activated carbon derived from cellulose acetate hydrochar.13 It is

therefore clear that the use of mixed precursors offers carbons with hydrogen uptake that

outperform all previously reported materials generated singly from polypyrrole or sawdust. At 40

bar, the total hydrogen uptake is in the range 7.8 to 10.0 wt%. A total hydrogen uptake of up to

10.0 wt% at 40 bar, and 12.6 wt at 100 bar for sample PPYH114800 is all round very impressive

and far outperforms the carbons prepared singly from polypyrrole or sawdust (Table 2).

A positive consequence of the lower mesoporosity of the pre-mix precursor samples

is that their packing density rises above that of the single precursor carbons. For most porous

materials, packing density is inversely proportional to pore volume, especially pore volume

airing from large pores (mesopores and macropores). The packing density of porous solids

is very important with respect to their use as hydrogen stores as it determines how much is

stored in any confined space (e.g., storage tank) that is packed full with the material. Thus

the volumetric storage capacity, which is as important as the gravimetric capacity, depends

critically on the packing density. For this reason, it is necessary that materials achieve both

gravimetric and volumetric storage targets. An example of such targets are those of the

United States Department of Energy (DOE) that require achievement of a set gravimetric

and volumetric uptake. The packing density of the present samples (Table S1) was

determined from pellets compacted in a 1.3 cm die for ca. 5 min at 7 MPa or from the general

equation; dcarbon = (1/ρs + VT)-1, where ρs is skeletal density and VT is total pore volume. The
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volumetric storage uptake isotherms computed from the gravimetric uptake and packing

density (See Supporting Information) are shown in Figure 5. A combination of greater

packing density and better gravimetric uptake means that the volumetric hydrogen storage

capacity of the pre-mix carbons is much higher than that of single precursor PPY4800. The

volumetric hydrogen uptake of the best performing pre-mix samples (PPYH114800,

PPYSD114800 and PPYSD124800) is almost double that of PPY4800 in the pressure range

5 – 100 bar. The pre-mix samples show excellent volumetric hydrogen storage capacity at

20 bar; 25 – 28 g l-1 (excess) and 30 – 33 g l-1 (total) compared respectively to 17 and 22 g

l-1 for PPY4800. At 40 bar the uptake is 26 – 30 g l-1 (excess) and 36 – 40 g l-1 (total), which

is much higher than 18 and 28 g l-1 for PPY4800.
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Figure 5. Volumetric hydrogen uptake isotherms of single precursor PPY4800 (polypyrole,

PPY) and (A) PPY/SD carbons derived from pre-mixed precursors containing PPY and raw

sawdust (SD), and (B) PPY/H carbons derived from pre-mixed precursors containing PPY

and sawdust hydrochar (H) at various weight ratios.
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It is interesting to compare the hydrogen storage uptake of one of the better performing

samples (PPYH114800) with that of current non-carbon benchmark materials such as metal

organic frameworks (MOFs). Firstly, we note that at 20 bar, the excess hydrogen storage

capacity of PPYH114800 (6.7 wt%) is comparable (Figure 6 and Supporting Table S4) to

that of the best metal organic framework (MOFs), namely, NOTT-112 (6.9 wt%),79 NU-100

(6.8 wt%)22 and MOF-210 (6.4 wt%),24 that are considered to be ‘record holders’ for

gravimetric hydrogen storage in porous materials under cryogenic conditions. The total

hydrogen uptake of PPYH114800 (8.1 wt%), at 20 bar, is also comparable to NU-100 (8.5

wt%),22 MOF-210 (8.4 wt%)24 and NOTT-112 (7.8 wt%).79 At our target pressure of 40 bar,

the total gravimetric hydrogen uptake of PPY114800 (10 wt%), is comparable to NU-100

(10.5 wt%),22 MOF-210 (11 wt%)24 and NOTT-112 (9.2 wt%).79 However, the pre-mix

samples do have the advantage of being cheaper, easier to synthesise and also having the

attraction of offering valorisation of waste materials such as sawdust.
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Figure 6. Excess and total gravimetric hydrogen uptake of activated carbon (PPYH114800)

derived pre-mixed precursor containing polypyrrole and sawdust hydrochar compared to

metal organic frameworks (MOFs); NOTT-112,79 NU-100,22 and MOF-210.24
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The gravimetric uptake of the pre-mix samples, therefore, compares well with that of

the best performing MOFs despite the later having much higher surface area and pore volume.

As stated above, the volumetric hydrogen uptake of any solid-state storage materials is

perhaps more important than the gravimetric uptake. Thus although MOFs have high

gravimetric uptake due to their greater surface area and pore volume, the higher porosity also

means that they tend to have low packing density. In most reports to date, the volumetric

uptake of MOFs is computed using their crystal density rather than packing density.79-82 The

values obtained using crystal density are prone to overestimation as it is not feasible to fill up

a container (for example a cylinder) to the extent that the mass-volume ratio in the constrained

space is defined by the crystal density. More recently, there are reports that indicate that the

actual packing density of MOFs (as defined in this study) is lower (typically ca. 50%) of the

crystal density.83-90 For example, the tap density of MOF-5 was found to be ca. 0.22 g cm-3 as

opposed to the crystal density of 0.61 g cm-3.88 We have also shown that the packing density

of UiO-66 of 0.57 g cm-3 is about half the crystal density of 1.24 g cm-3.85 Furthermore, unlike

for activated carbons,29 studies also show that compaction of most high surface area MOFs

leads to porosity reduction and thus a lowering of hydrogen uptake.83-90 It is thus likely that

the high uptake values obtained for powder samples22,24,79-82,90 may not be replicated for

compacted MOFs.83-90 We compared the volumetric uptake of the better performing pre-mix

samples (PPYH114800 and PPYSD124800), which have a density of 0.38 and 0.44 g cm-3,

respectively, with that of benchmark MOFs. As shown in Figure 7 (and Supplementary Table

S4), at 20 bar, the benchmark MOFs achieve volumetric hydrogen uptake of 11 – 18 g l-1

(calculated based on realistic packing density according to reference 83), compared to 30.8

and 32.6 g l-1 for sample PPYH114800 and PPYSD124800, respectively. At 40 bar the MOFs

have uptake of 14 – 22 g l-1 at 30 bar compared to 38 and 39 g l-1 for PPYH114800 and

PPYSD124800, respectively. Even when the crystal density is used to compute the volumetric
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uptake (Supporting Figure S9 and Table S4), the storage capacity of the MOFs is still lower

(MOF-210 and NU-100) or comparable to that of the pre-mix precursor derived samples.

Pressure (bar)

0 10 20 30 40

H
2

u
p

ta
k
e

(g
l-1

)

0

5

10

15

20

25

30

35

40

MOF-210
PPYH114800
NOTT-112
NU-100
PPYSD124800

Figure 7. Volumetric hydrogen storage capacity of activated carbons (PPYH114800 and

PPYSD124800) derived from pre-mixed precursor containing polypyrrole and sawdust

hydrochar or raw sawdust compared to the best performing metal organic frameworks

(MOFs); NOTT-112,75 NU-100,22 and MOF-210.24

Although the total hydrogen uptake (both on a gravimetric and volumetric basis) is a

good indicator of hydrogen storage performance, we also need to consider the deliverable

hydrogen. We therefore explored the performance of the pre-mix samples under delivery

conditions, i.e., deliverable gravimetric and volumetric hydrogen capacity based on pressure

swing between 100 bar and 5 bar at 77 K, that have recently been used as viable indicator

for vehicular hydrogen storage.76 We compared the deliverable hydrogen performance of the
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pre-mix samples with that of a selection of MOFs (Supporting Table S5)80 by taking the

difference between the total hydrogen uptake at 100 bar and 77 K and at 5 bar and 77 K. The

deliverable gravimetric hydrogen capacity of the pre-mix carbon samples, i.e., 5.3 to 7.1

wt%, is higher or comparable to that of the MOFs (2 – 6.9 wt%, except for NU-1103 with

10.1 wt%). Indeed, the deliverable capacity of some of the pre-mix carbons matches or

surpasses that of MOFs recently identified as having best deliverable hydrogen storage

capacity.80 The deliverable volumetric uptake of the pre-mix samples is 24 - 27 g l-1, which

is comparable to that of the best MOFs (17 – 33 g l-1 ) if the crystal density is used to compute

the volumetric uptake for the MOFs.80 However, as discussed above, use of the crystal

density is unrealistic and overestimates the volumetric uptake. It has been suggested that the

volumetric uptake based on crystal density should be adjusted by a reduction of 25% to take

into account the packing density.80 The values obtained following 25% reduction (i.e., 13 –

25 g l-1) suggest that the pre-mix samples can outperform the MOFs. If more realistic packing

(or tapping) density is used to compute volumetric uptake (Table S5) then deliverable

volumetric capacity of the MOFs (9 – 17 g l-1) is significantly lower compared to that of the

pre-mix carbon samples.

The uptake of hydrogen at room temperature was also explored for the best performing

pre-mix sample (PPYH114800). The excess and total hydrogen uptake at room temperature

for sample PPYH114800 is shown in Figure 8 along with that of a commercially available

high surface area carbon (sample AX21). As a verification of our hydrogen uptake

measurements, it is noteworthy that for sample AX21, the excess uptake at 20 bar is 0.3

wt%, which is similar to what has previously been reported in measurements that utilised

volumetric apparatus.8 The hydrogen uptake of sample PPYH114800 at 20 bar is 0.5 wt%,

which is 67% higher than that of AX21. At 100 bar, the excess uptake rises to 0.8 wt% for

AX21, and 1.3 wt% for PPYH114800. We attribute the greater uptake of the pre-mix
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PPYH114800 sample to its higher surface area. More generally, sample PPYH114800

appears to have very attractive room temperature hydrogen uptake when compared to other

forms of porous carbon or non-carbonaceous materials.8,91,92 The performance of

PPYH114800 (i.e., excess hydrogen storage capacity of 1.3 wt% at room temperature and

100 bar is notably high when compared to all previously reported porous material. Indeed,

such uptake compares favourably with values of between 0.5 and 1.6 wt% that have

previously been reported for some of the best performing state-of-the-art materials but at a

higher pressure of 150 bar.8,91,92 The estimated total hydrogen uptake for PPYH114800 and

AX21 is shown in Figure 8. The total uptake, at 20 bar, reaches 0.6 wt% for AX21, and 0.9

wt% for PPYH114800 while at 100 bar it is 2.1 wt% for AX21 and much higher at 3.0 wt

for PPYH114800.
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3.4 Modulating Porosity at higher levels of Activation

The porosity of activated carbons generated from any given precursor tends to have an

optimal level of activation beyond which the surface area reduces. For example, in the case

of polypyrrole, the optimal level of activation appears to be a temperature of 800 oC and

KOH/polypyrrole ratio of 4. We have previously shown that increasing the activation

temperature above 800 oC and/or KOH/polypyrrole ratio above 4 reduces the surface area

whilst also creating larger pores due to what may be described as ‘overactivation’.33

However, as discussed above for the pre-mix samples, the presence of sawdust hydrochar

appears to reduce the extent of mesoporosity. We interpret the reduction in mesoporosity as

being due to greater resistance to activation arising from the presence of hydrohar in the

precursor mix. We therefore sought to find out whether higher surface area could be achieved

(via suppression of ‘overactivation’) for samples derived from pre-mix precursors activated

at greater severity than 800 oC and KOH/polypyrrole ratio of 4. This was accomplished by

activating 1:1 mixture of PPY/SD or PPY/H at 900 oC and KOH/precursor ratio of 4 or at

800 oC and KOH/precursor ratio of 5. We then compared the porosity of the resulting carbons

with equivalent single precursor (i.e., polypyrrole only) samples as shown in Figure 9 and

Table 4. It is clear from the nitrogen sorption isotherms (Figure 9A) that the level of

mesoporosity for the pre-mix precursor samples is lower than that of equivalent PPY-only

carbons. The pre-mix precursor samples have a sharper sorption knee, and lower adsorption

at high partial pressures (P/Po) above 0.8. It is also clear from the PSD curves in Figure 9B

that, whilst the PPY-only carbons have a large proportion of pores that are wider than 40 Å,

such pores hardly exist for the pre-mix samples as summarised in Table 4. It is noteworthy

that whilst the main mesopore maxima for sample PPY5800 is at 35 Å (which is an increase

from 30 Å for PPY4800), for sample PPYSD115800 the maxima is at lower pore size of 24

Å. A similar trend is observed for activation at 900 oC and KOH/precursor ratio of 4, i.e.,
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mesopore maxima of 36 Å for PPY4900 compared to 27 Å for PPYSD114900 and

PPYH114900. Clearly, the presence of raw sawdust or sawdust hydrochar limits the size of

mesopores generated, and therefore enables porosity modulating.
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Figure 9. (A) Nitrogen sorption isotherms and (B) pore size distribution curves of activated

carbons derived from polypyrrole, or pre-mixed precursors containing polypyrrole and raw

sawdust or sawdust-derived hydrochar.

Table 4. Textural properties and hydrogen uptake of activated carbons derived from

polypyrrole, or pre-mixed precursors of polypyrrole and raw sawdust or sawdust hydrochar.

aMain pore size maxima obtained from NLDFT analysis. aThe values in the parenthesis
are excess hydrogen uptake.

Sample Surface
area
(m2g-1)

Pore
volume
(cm3g-1)

Pore
sizea

(Å)

Packing
density
(gcm-3)

H2 uptake
(wt%)b

1 bar 20 bar 40 bar 100 bar

PPY4800 2965 2.34 12/30 0.35 2.2 6.4 (4.9) 8.1 (5.1)

PPY5800 2974 2.85 12/35 0.30 2.4 6.5 (4.7) 8.5 (4.9)

PPYSD115800 3458 1.95 11/24 0.41 3.0 6.9 (5.6) 8.4 (5.8) 10.9

PPY4900 2842 2.77 12/36 0.31 2.3 6.3 (4.6) 8.3 (4.8)

PPYSD114900 3563 2.54 11/27 0.33 2.8 7.4 (5.8) 9.5 (6.2) 13.1

PPYH114900 3592 2.25 11/27 0.37 2.7 7.5 (6.0) 9.3 (6.4) 12.3
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The surface area and pore volume in Table 4 shows that increasing the severity of

activation (beyond the conditions for PPY4800) by performing the activation at

KOH/precursor ratio of 5 (sample PPY5800) leads to no change in surface area but the pore

volume increases, which is consistent with ‘overactivation. On the other hand, the presence

of sawdust in the precursor (sample PPYSD115800) enables an increase in surface area to

ca. 3500 m2g-1 but with a lowering of the pore volume. In the same manner, increasing the

severity of activation by performing the activation at 900 oC (sample PPY4900) leads to a

decrease in surface area and increase in pore volume due to ‘overactivation’. Greater surface

area (ca. 3600 m2g-1) may, however, be achieved by adding raw sawdust (sample

PPYSD114900) or sawdust hydrochar (sample PPYH114900) to the precursor mix. The

achievement of higher surface area has very positive consequences for hydrogen storage as

shown in Figure 10, and summarised in Table 4. In all cases the pre-mix precursor samples

have much better excess hydrogen uptake (up to 33% higher at 20 and 40 bar) compared to

the PPY-only carbons. In general, the pre-mix precursor samples also have higher total

hydrogen storage capacity in the pressure range up to 100 bar on account of their better

excess hydrogen uptake. The volumetric uptake of the pre-mix samples) is also much higher

than that of the equivalent PPY-only samples (Supporting Figure S10) with the excess

volumetric uptake of the former being almost twice that of the later. The deliverable

hydrogen capacity (100 to 5 bar at 77 K) is also impressive (Table S6).
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Figure 10. Hydrogen uptake isotherms of activated carbons derived from polypyrrole only

(PPY5800 and PPY4900) or pre-mixed precursors containing polypyrrole and raw sawdust

(A) or polypyrrole and sawdust-derived hydrochar (B).

4. Conclusions

Homogeneous activated carbons were successfully prepared from pre-mixed precursors

containing polypyrrole and sawdust or sawdust-derived hydrochar. The properties of the carbons

prepared from pre-mixed precursors were compared to those of carbons generated singly from

each of the precursors under similar activation conditions. The pre-mixed precursors offer carbon

materials with ultrahigh surface area (up to 3815 m2 g-1) and pore volume (up to ~2.6 cm3 g-1)

comprising of mainly two pore systems; one pore size system in the micropore range (6 - 12 Å)

and the other in the mesopore range (22 – 35 Å). The mix of mesoporosity and microporosity can

be tailored by choice of precursor mix to the extent that some samples are predominantly

microporous or mesoporous despite there being no change in the activation conditions. This

ability to modulate the porosity depending on the precursor mix is related, in part, to the elemental

composition of the carbonaceous starting materials, and especially the molar ratio of oxygen to

carbon (i.e., O/C molar ratio). It was found that a high O/C ratio favoured ease of activation and



34

generation of greater mesoporosity. We demonstrate that knowledge of the O/C ratio of

carbonaceous matter allows prediction of their activation behaviour, likely porosity and

micropore/mesopore mix.45,93 The level of activation at which increasingly high surface area can

be obtained could be extended by use of pre-mixed precursors in a manner not possible for single

precursors. Thus it was possible to achieve much higher surface area with the pre-mix precursors

than is possible with any one of the precursors when used singly. The N-content of the carbons

was found to be dependent on the amount of polypyrrole in the precursor mix. However, the N-

content was generally low to very low and did not appear to have any direct influence of the gas

uptake properties of the carbons. The pre-mix derived carbons exhibit hydrogen storage capacity

that is much higher than can be attained by single-precursor derived samples. The carbons, thus,

have excellent excess hydrogen uptake of up to 3.6 wt% and 6.7 wt% (at -196 ºC and 1 or 20 bar,

respectively), which translates to total uptake of 8.1 wt% (at -196 ºC and 20 bar). The best

performing carbons achieve up to 10.0 wt% total hydrogen storage at 40 bar, which is much

higher than that of many currently available benchmark materials. Overall, the hydrogen storage

performance of the pre-mix precursor derived carbons is comparable to or outperform many

bench mark materials such as MOFs with respect to storage capacity, including gravimetric

uptake, volumetric uptake and deliverable hydrogen capacity for pressure swing (100 to 5 bar at

77 K) adsorption conditions.

Supporting Information

Supporting information accompanying this paper, including details of calculation of total

hydrogen uptake, and six tables and ten figures is available.
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Graphical Abstract

Carbons derived from pre-mixed precursors (for example polypyrrole and sawdust) have

surface area and hydrogen uptake that is not achievable for equivalent single precursor

samples; pre-mixing allows hitherto impossible modulation of porosity in a predictable

manner.


