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Furthermore, the Starene®800-G20 monolith was shown to

be highly stable as a capacitor, with a performance loss of <1%

over 10 000 cycles (Fig. 2d, green line). This follows from the

aforementioned argument (ref. 11) that a higher conductivity

reduces the internal resistance of the electrodes and, hence,

local heat generation. This is of particular importance for high

surface area materials with thin pore walls, which have limited

resistance to the combination of heat and aggressive dielectric

media. This important result is veried by the cyclic voltam-

mograms shown in Fig. 2e and f, where at a low scan rate the

curves for the capacitors show an almost ideal rectangular

shape, whereas at higher scan rates their shape deviates from

ideal, and it can be seen that the poorly electrically conductive

Starbon®800 sample ceases to act as a capacitor. In addition,

the CV, which has been described as a more accurate method to

report capacitance from an application perspective, can be seen

to increase by 39% (85 F cm�3) for Starene®800-G20 compared

to the standard, suggesting that the composite material can

store more charge per unit volume.36 This is related to the

almost 50% increase in the density of the material and,

consequently, in its pore structure packing (Fig. S3†). Changes

in the C/O surface chemistries described earlier will also induce

a faster polarisation of the surface – electrolyte, improving its

capacitance. Further, due to a slightly lower surface area and

larger pore structure the resulting surface will be more planar at

the average charge separation distance, which has been re-

ported to lead to improved areal capacitances.25 From Fig. S4† of

the rate capability, it can also be seen that the diffusion into the

pore structure of the Starene®800-G20 monolith is less

hindered at high current densities compared to the material

without graphite.

In order to better understand the electrochemical perfor-

mances of the electrodes, electrochemical impedance spec-

troscopy was employed (EIS). All the electrodes were measured

Fig. 2 (a) N2 sorption isotherms stack plot of the porous graphite composites; (b) change in pore size distribution with increasing concentrations

of added graphite; (c) conductivity as a function of added graphite, error in red; (d) relative capacitance retention over 10 000 cycles for both the

standard Starbon®800 and the Starene®-G20; (e and f) cyclic voltammograms of both the Starbon®800 and the Starene®-G20 at scan rates of

1 mV s�1 and 100 mV s�1, respectively.
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in the frequency range of 500 kHz to 50 mHz at an amplitude of

10 mV. From the Nyquist plots shown in Fig. S5,† a depressed

semi-circle in the high frequency range can be observed that

corresponds to the bulk RC response, and at low frequencies

there is a spike related to charging. The bulk RC response for

the Starbon®800 capacitor is larger than that of the

Starene®800_20% verifying that the graphite is helping reduce

the electrical resistance of the electrode. At low frequencies the

electrodes with 0 and 20% w/w graphite show a 14� to 10�

deviation respectively from that of 90� identied with pure

capacitance. These slight differences have been related diffu-

sion resistivity of the electrolyte within the pore, and for carbon

materials due to their wide pore size distributions.37

To further understand the nature of the enhanced perfor-

mance of the Starene® materials, structural characterization

was performed using SEM and TEM, see Fig. 3.

The low-resolution SEM images demonstrate the dramatic

transformation of the heterogeneous graphite-starch system

(Starene®200-G20) that contains up to 10 mm diameter large

graphite akes, to the more uniform brous structured material

carbonised at 800 �C (Starene®800-G20), see Fig. 3a and b.

Interestingly, the high-resolution SEM demonstrates that in the

presence of graphite the original Starbon®800 brous structure

(Fig. 3c) aggregates to a network with a more open structure and

thicker walls (see Fig. 3d and S6–S8 (ESI)†). This data is in good

agreement with that related to the increase in the pore diameter

of the materials in the presence of graphite (see Fig. 2b).

Statistical analysis of the diameter of the individual bres based

on these images shows that no difference in the bre widths can

be discerned for the samples with 0, 5 and 20% graphite, with

two peaks centred around 25 and 35 nm (Fig. 3f, g and S7 ESI†).

Intriguingly, these dimensions correspond well with the

Fig. 3 (a) SEM of Starene®200_20%; (b) SEM of Starene®800_20% (comparative to d); (c) SEM of Starbon®800; (d) SEM of Starene®800_20%;

(e) TEM of Starene®800_20%; (f, g and h) are particle size distributions of the images shown in (c, d and e) respectively.
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graphite nano-particle sizes (24 and 37 nm) found for

Starene®800-G20 using HR-TEM (Fig. 3d and h, S7 ESI†), sug-

gesting that there is an underlying mechanism occurring of

incorporation and size restriction of the graphite particles to

that of the bre width.

Initial co-milling of the graphite with the starch could lead to

some chemical modication of the carbon apart from just its

exfoliation, as demonstrated Sun et al.34 They showed using

FTIR that co-milling graphite with cellulose aer 24 h amongst

other polysaccharides induces OH and COOH functionalities on

the graphite surface. The ball milling time used here was much

lower than that described, but does suggest that there is

possibility of increased compatibility between the two

components. Separation of the two components does not occur

during carbonisation as initially the graphite particles are

unable to agglomerate because the starch is solid. At higher

temperatures (approx. 300 �C) the starch either passes via an

acid catalysed decomposition route from the polysaccharide to

the carbon or via a highly viscous molten phase,17,38 again pre-

venting phase separation and graphite particle agglomeration.39

With increasing temperature the two phases become chemically

similar resulting in very good compatibility and a strong

interphase.

The reduction in graphite particle size during the carbon-

ization could be attributed to the aggressive volatiles (e.g.

organic and sulphuric acids, CO, CO2) produced during

Fig. 4 (a) High-resolution XPS spectra in the C1s BE region of Starbon®800 (for Starene®800_20% see Fig. S11, ESI†); (b) XPS calculated

graphitic carbon content versus the theoretical carbon content derived from the TGA mass loss. (c) Bright field STEM of Starene®800_20%

showing graphite flakes and amorphous carbon; (d) STEM bright field from the dashed box inset in (c) showing the stacking of graphene layers as

well as amorphous carbon (indicated by white arrows) surrounding the flake.
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pyrolysis, as well as contact with the oxygen rich polymer

molecules that become so/molten and highly oxidative at high

temperatures.40 The loss of graphite during the carbonization

process was veried using a combination of TGA and XPS with

the latter revealing a pronounced discrepancy between the

theoretical amount of graphitic carbon and that measured

using the methodology of Desimoni et al.41 (see Fig. 4a and b,

and ESI, Fig. S9 and S11†).

Using TGA, a comparison of the thermal behaviour of the

mesoporous starch monolith and the 20% graphite nano-

composite was carried out (see ESI, Fig. S9†). It was found that the

degree of decomposition of the starch–graphite composite is

substantially lower than the original starch, which could be

explained by the presence of the graphite particles retarding the

decomposition process.30 To better understand the thermal

events occurring, the TGA data was normalized to the actual

starch content of thematerials, and the normalized dTG's of these

materials analyzed (see ESI, Fig. S10a and b†). It can be seen that

the pyrolysis rate for these two samples is different: at low

temperatures (<250 �C) graphite reduces the rate of starch

decomposition, whilst at high temperatures it is equal or higher

than that of the original starch material (see ESI, Fig. S10b†).

Interestingly, the peak maxima of the rate differences (�270, 400,

600, and 700 �C) correspond well with the reported molecular

transitions that take place during mesoporous starch decompo-

sition.38 Furthermore, from the SEM data the large agglomerated

graphite particles that are present within the sample prepared at

200 �C are rarely seen within the sample prepared at 800 �C,

further corroborating the proposed mechanism of breakdown

and loss of the majority of the non-incorporated graphite.

The inuence of carbonization to 800 �C was also evaluated

using XRD for graphite and the prepared mesoporous carbon/

graphite composites, see Table S5, ESI.† In the case of pure

graphite, it was found that the crystal size decreased from 45 nm

(�134 graphite layers) to 33 nm (�99 graphite layers) upon ball-

milling with starch (20% w/w graphite). Aer heating to 800 �C

the crystal size was further reduced to 27 nm (�80 graphitic

layers). In comparison, the composite prepared with 5% w/w

graphite, which from the SEM analysis presented virtually no

evidence of large graphite particles with the majority of the nano-

graphite incorporated within the carbonised starch structure, has

a crystal size of 21 nm (�62 graphite layers). With increasing

graphite concentration and greater presence of larger graphite

particles not incorporated within the starch structure this value

increases to 24 and 27 nm (72 and 74 graphite layers) for the 10

and 20% w/w samples respectively. All these values are less than

those for the standard treated materials without gelation, again

suggesting incorporation and loss of excess graphite. The effect of

the ball-milling process on the graphite/polysaccharide interac-

tions before pyrolysis should also be considered. As noted earlier

the surface chemistry of graphitic materials can change by

mechanical treatments like ball-milling, though treatments times

required are much higher than that used in this study.34 However,

ball-milling does break the graphite sheets (see Fig. S12, ESI† and

subsequent Raman discussion), increasing the quantity of the

edge planes, which, unlike the inert basal planes present specic

chemical reactivity and electronic properties that could generate

particular interactions with the heated polysaccharide.42,43 Further

evidence of the high degree of graphite dispersion and the inti-

mate interaction between the graphite nano-akes and the poly-

saccharide derived mesoporous carbon medium came from

studies using HTEM in combination with electron diffraction and

electron energy loss spectroscopy (EELS).

The bright eld STEM imaging shown in Fig. 4c and d of

a sample initially prepared with 5% graphite, shows regions

containing both an amorphous porous carbonaceous material

and graphite nano-akes. The high-resolution image (Fig. 4d)

shows the (002) atomic planes of the graphitic ake with

a thickness less than 20 nm, corresponding to approximately 50

graphitic layers. Although the graphite and the initial carbo-

naceous matrix are expected to be hydrophobic and hydrophilic

respectively, a good connection between the two components is

found, as indicated by the arrows in Fig. 4d where a thin layer of

amorphous carbon down to 1 nm in thickness can be seen at the

graphite edges. The crystalline component of the sample illus-

trated by the BF-TEM is also conrmed by the electron diffrac-

tion and Dark Field TEM as shown in Fig. S12, ESI.†

The graphitic nature of the akes was also investigated using

EELS (see Fig. S13†). The p* and s* peaks corresponding to the

C molecular orbitals characteristic for graphitic akes are

clearly observed in comparison44 to the C K-edge characteristic

of the amorphous carbon. Both the EELS spectra and diffraction

studies show that the materials processing does not alter the

crystalline nature of the graphite at the nanoscale, and hence,

its conductive properties. In addition, it shows to be intimately

mixed with the porous carbonaceous matrix, aiding the elec-

trical percolation of the system.

Conclusion

In this study, we present Starene® a new class of monolithic

mesoporous carbonaceous material that present good surface

area and conductivity, resulting in a very stable capacitormaterial.

To this end a technique was developed to disperse graphite in

a carbonaceous material. The increased graphite dispersion is

shown to be the result of consecutive ball milling, microwave

assisted gelation and carbonization treatment. Furthermore,

throughout these treatments a strong interaction between the

graphite particles and the underlying, developing, carbonaceous

material is forged, partially delaminating and reducing the size of

the graphite and even merging the akes into the carbonaceous

structure. The high degree of graphite dispersion/incorporation

lies at the basis of a pronounced increased conductivity, a factor

essential for good long-term capacitance use, as well as on its

chemical and mechanical stability. The material with 20% w/w

graphite added was found to display throughout the galvano-

static charge–discharge tests <1% reduction in capacitance over

10 000 cycles in comparison to the standard that lost approx. 15%

capacitance. This was related to the higher conductivity reducing

the internal resistance of the electrodes. The high added

concentration of graphite incorporation and use of bio-derived

starting materials are also important to reduce the cost of the

electrodes, whilst maintaining their credentials as a sustainable

alternative electrode material.
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21 J. Sánchez-González, F. Stoeckli and T. A. Centeno, J.

Electroanal. Chem., 2011, 657, 176–180.

22 Y.-R. Rhim, D. Zhang, D. H. Fairbrother, K. A. Wepasnick,

K. J. Livi, R. J. Bodnar and D. C. Nagle, Carbon, 2010, 48,

1012–1024.

23 H. L. Parker, A. J. Hunt, V. L. Budarin, P. S. Shuttleworth,

K. L. Miller and J. H. Clark, RSC Adv., 2012, 2, 8992–8997.

24 Q. Wang, J. Yan and Z. J. Fan, Energy Environ. Sci., 2016, 9,

729–762.

25 H. X. Ji, X. Zhao, Z. H. Qiao, J. Jung, Y. W. Zhu, Y. L. Lu,

L. L. Zhang, A. H. MacDonald and R. S. Ruoff, Nat.

Commun., 2014, 5.

26 Z. Li, Z. Xu, H. Wang, J. Ding, B. Zahiri, C. M. B. Holt, X. Tan

and D. Mitlin, Energy Environ. Sci., 2014, 7, 1708–1718.

27 M.-Q. Zhao, C. E. Ren, Z. Ling, M. R. Lukatskaya, C. Zhang,

K. L. Van Aken, M. W. Barsoum and Y. Gogotsi, Adv.

Mater., 2015, 27, 339–345.

28 J. Hu, Z. Kang, F. Li and X. Huang, Carbon, 2014, 67, 221–

229.

29 X. Y. Meng, Q. Cao, L. Jin, X. H. Zhang, S. L. Gong and P. Li, J.

Mater. Sci., 2017, 52, 760–769.

30 G. C. Pradhan and S. K. Swain, Polym. Compos., 2016, 37,

2083–2091.

31 N. Deprez and D. S. McLachlan, J. Phys. D: Appl. Phys., 1988,

21, 101–107.

32 V. M. A. Calado and A. Ramos, Starch-based blends,

composites and nanocomposites, RSC, Cambridge, CB4 0WF,

UK, 2016.

33 H. J. Salavagione, J. Sherwood, M. De bruyn, V. L. Budarin,

G. J. Ellis, J. H. Clark and P. S. Shuttleworth, Green Chem.,

2017, 19, 2550–2560.

34 P. Sun, S. Kuga, M. Wu and Y. Huang, Cellulose, 2014, 21,

2469–2478.

35 K. S. W. Sing, D. H. Everett, R. A. W. Haul, L. Moscou,

R. A. Pierotti, J. Rouquerol and T. Siemieniewsja, Pure

Appl. Chem., 1985, 57, 603–619.

36 Y. Gogotsi and P. Simon, Science, 2011, 334, 917–918.

37 J. Gamby, P. L. Taberna, P. Simon, J. F. Fauvarque and

M. Chesneau, J. Power Sources, 2001, 101, 109–116.

38 P. S. Shuttleworth, V. Budarin and J. H. Clark, J. Therm. Anal.

Calorim., 2011, 105, 577–581.

39 H. J. Salavagione, J. Sherwood, M. De bruyn, V. L. Budarin,

G. J. Ellis, J. H. Clark and P. S. Shuttleworth, Green Chem.,

2017, DOI: 10.1039/c7gc00112f 6.

40 P. S. Shuttleworth, V. Budarin and J. H. Clark, J. Mater.

Chem., 2009, 19, 8589–8593.

41 E. Desimoni, G. I. Casella, A. Morone and A. M. Salvi, Surf.

Interface Anal., 1990, 15, 627–634.

42 A. Bellunato, H. Arjmandi Tash, Y. Cesa and G. F. Schneider,

ChemPhysChem, 2016, 17, 785–801.

43 S. Fujii and T. Enoki, Acc. Chem. Res., 2013, 46, 2202–2210.

44 L. A. J. Garvie, A. J. Craven and R. Brydson, Am. Mineral.,

1994, 79, 411–425.

This journal is © The Royal Society of Chemistry 2017 J. Mater. Chem. A, 2017, xx, 1–9 | 9

Paper Journal of Materials Chemistry A

1

5

10

15

20

25

30

35

40

45

50

55

1

5

10

15

20

25

30

35

40

45

50

55


	j mater chem a proof_corrections p1
	2
	3
	4
	j mater chem a proof_corrections_p6

