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ABSTRACT.  

High specific surface area three dimensionally ordered carbons are produced from furfuryl 

alcohol in a double templating procedure utilizing a silica inverse opal. Unexpectedly, the 

carbons produced here do not form the expected array of carbon spheres; rather, a faithful 

reproduction of the underlying inverse opal is attained. It is found that the properties of the 

silica template strongly influence the surface area characteristics of the carbons. The surface 

areas of the carbons are proportional to that of the template, and are also found to increase 

with decreased macropore size, consistent with findings for furfuryl alcohol derived carbon 

inverse opals based on silica colloidal crystal templates. However, template calcination 

temperature has a very influential role on the surface area, playing a unique role in our 

materials when compared to the closest reported analogues. 
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1. INTRODUCTION 

Synthesis of porous and high specific surface area (SSA) carbons has received considerable 

attention recently due to their potential in a number of important applications [1] such as gas 

separation [2,3], gas uptake and storage [4,5], water purification [6,7], and as catalyst 

supports [8-10]. In most of these applications, high specific surface areas are desirable. 

Increases in SSA can be achieved with judicious choice of carbon precursor, although 

pyrolysis conditions are also particularly influential. However, the surface area is often 

associated with microporosity. Transport properties are therefore particularly important with 

diffusivities through micropores typically very slow, and as such the introduction larger 

diameter porosity is very attractive. 

Sacrificial templates are very important in this regard. Here, a scaffold with desired pore 

characteristics is infiltrated with an appropriate precursor and following carbonization the 

template is removed. Ryoo first reported carbons templated from mesoporous MCM-48 silica 

[11]; in subsequent works, SBA-15 silica has also been applied [12,13]. In this fashion, 

mesoporous carbons with BET SSAs up to ~1800 m2g-1 have been synthesized. 

Macroporosity can be introduced in an analogous manner; this was first achieved by 

Zakhidov et al. [14] and the underlying synthesis strategy has been widely applied since. 

Generally, silica colloids on the order of several hundred nanometers in diameter are 

synthesized and deposited into an FCC lattice. Precursor infiltration and carbonization, 

followed by template removal, leads to carbon inverse opal networks which incorporate 

marcoporous windows in addition to the carbons intrinsic microporosity. This has been 

further expanded by the inclusion of triblock copolymers as a further templating agent, 

leading to carbons with dual template macro- and mesoporosity [15]. Double templating 
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approaches have also been employed, which are similar to the colloidal crystal templating 

strategy, but in this instance the silica template used is an inverse opal and therefore is itself 

templated from a colloidal crystal, typically poly(methyl methacrylate) (PMMA). In contrast 

with the colloidal crystal template that leads to carbon inverse opals [16-22], a silica inverse 

opal template leads to three dimensionally ordered arrays of carbon spheres [23,24]. 

Surface area characteristics of three dimensionally ordered macroporous carbons (3DOM-Cs) 

or carbon spheres are heavily influenced by the precursors used. 3DOM-Cs have BET SSAs 

of ~200 – 500 m2g-1 when prepared from resorcinol-formaldehyde [16,19], ~600 m2 g-1 from 

sucrose [23], 100 – 300 m2 g-1 from phenolic resin [18] (with similar SSAs when analogous 

carbon spheres are produced from silica inverse opal templating) [24], and furfuryl alcohol 

derived 3DOM-Cs with 600 – 1400 m2 g-1 [17,25,21]. SSA is also found to be heavily 

influenced by the macropore size with higher SSAs found in those materials with a smaller 

macropore window [18,17,25]. 

In this study, we explore the highest SSA-producing precursor, furfuryl alcohol. This has 

been well studied in colloidal crystal templating [17,25,21], and as such we have focused on 

the less-studied silica inverse opal template. Uniquely, we find this combination of inverse 

opal silica templates with furfuryl alcohol produces carbon inverse opals, and not the 

expected array of spheres. Consequently, in the second half of this work we pay considerable 

attention to the role of template properties and their influence on surface area characteristics 

of the resulting carbons beyond simply the role of macropore/sphere size. 
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2. EXPERIMENTAL SECTION 

2.1. Preparation of PMMA Templates. 

A PMMA colloidal crystal was prepared by the standard method [26]. Batches were prepared 

with varying quantities of methyl methacrylate (MMA), between 170 – 400 mL, stirred in 

1.6 L of Milli-Q water. The reaction vessel was maintained at 75 – 80 °C under a N2 flush. 

Variations in MMA volume and synthesis temperature afford control over PMMA sphere 

size. 1.5 g of a K2S2O8 initiator was transferred quantitatively to the flask with washes in a 

small quantity of Milli-Q water once thermal equilibrium had been attained. Stirring and 

heating were maintained for 3 hrs, before cooling to room temperature. The solution was 

filtered through glass wool to remove unreacted materials, resulting in a suspension of 

PMMA spheres. 

A PMMA colloidal crystal was obtained by the rapid sedimentation method, with 50 mL 

batches of solution centrifuged at 1500 rpm for 24 hours. Excess solution was decanted out 

and the resulting cake dried in air. 

2.2. Preparation of Silica Inverse Opals. 

Dried PMMA-CC cakes were crushed to fragments no more than 3-4 mm across, and the 

voids filled by vacuum-assisted infiltration with a silica sol-gel precursor. Infiltrate batches 

were prepared by stirring 6 mL of tetraethylorthosilicate (TEOS) with 4 mL of absolute 

ethanol, followed by dropwise addition of 1 mL of conc. HCl and 3 mL of Milli-Q water. The 

TEOS solution was dropped evenly over the PMMA colloidal crystal powder to avoid caking 

of the precursor. The infiltrated materials were left in air for 48 hr dry. 

The PMMA template was subsequently removed by calcination, heating to 300 °C at 

2 °C min-1, held for 2 hr, then heating again at 2 °C min-1 to a final calcination temperature of 
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550 °C (unless otherwise stated – we will explore the role of calcination temperature later in 

this work). This temperature was held for 16 hr to ensure complete removal of the PMMA. 

2.3. Preparation of 3DOM Carbons. 

The carbon precursor infiltrate employed in this study utilizes furfuryl alcohol. 

Approximately 1.5 g of oxalic acid was added to around 50 mL of furfuryl alcohol, and the 

mixture stirred until the oxalic acid had dissolved completely. Approximately 1 g of SiO2 

inverse opal is suspended in the precursor for 24 hr to ensure effective infiltration. The 

infiltrated template was retrieved by vacuum filtration, with thorough washes with Milli-Q 

water followed by ethanol. Polymerization of the furfuryl alcohol to poly(furfuryl alcohol) 

resin was aided by heating the dried, infiltrated sample to 150 °C in 3 hr, and holding for 

1 hr. The poly(furfuryl alcohol) resin-infiltrated composite was then carbonized at 900 °C 

unless otherwise stated (with a ~10 °C min-1 ramp, and an 8 hr hold time) under flowing 

nitrogen. The silica template was removed by etching in 10 % aqueous HF for 24 h.  

2.4. Sample Characterization. 

Fourier-transform infrared (FT-IR) spectra were obtained on a Perkin-Elmer Spectrum 

100FT-IR reflectance spectrophotometer using a diamond ATR sampling accessory. Spectra 

were recorded between 650 – 4000 cm-1, averaged over 10 scans and at 2 cm-1 resolution. X-

ray Diffraction (XRD) patterns were recorded on a Siemens X-ray powder diffractometer 

between 10 ≤ 2θ ≤ 90 °, in 0.2 ° increments; the Cu Kα line (λ = 1.5418 Å) was used. Raman 

spectra were recorded with a Renishaw 1000 Raman microprobe, utilizing a 26 mW laser at 

488 nm. Spectra were collected between 100 – 2000 cm-1, and a 20 × objective and a 2 μm 

laser spot size were employed during analysis. Surface area and pore size distributions were 

determined by nitrogen physisorption measurements with a Micromeritics Tristar 3000 

instrument. Samples were dried overnight at 120 °C prior to analysis. The Brunauer-Emmet-
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Teller (BET) [27] and Barrett-Joyner-Halenda (BJH) [28] methods were used to extract 

surface areas and pore size distributions from 96 point isotherms. Scanning electron 

microscope (SEM) images were obtained with a Phillips XL-30S instrument, coupled with an 

energy dispersive x-ray spectrometer and running an electron gun with a 5 kV accelerating 

voltage. Samples were sputtered with a platinum coating prior to analysis to enhance their 

thermal conductivity. Images were also obtained by Transmission Electron Microscopy 

(TEM) by immersing a small quantity of powdered sample in ethanol, with sonication to 

disperse fine particles in the solvent. A 1 mL aliquot, obtained by autopipette, was spotted 

onto a carbon-coated copper TEM grid. Images were subsequently obtained with a Phillips 

CM12 TEM instrument. Diffuse reflectance UV-vis measurements were undertaken on an 

S2000 Ocean Optics spectrophotometer between 350 and 850 nm; reflectance data have been 

converted to f(R) by way of the Kubelka-Munk equation.  

 

3. RESULTS 

3.1. General Characterization of Inverse-Opal Templated Carbon. 

For brevity, the results in this section refer to the thorough characterization of a single batch 

of samples produced from a PMMA template using 400 mL of MMA at 80 °C, a silica 

calcination temperature of 550 °C, and a carbonization temperature of 900 °C. Pertinent 

differences in materials properties induced by changes in sample fabrication (particularly that 

of the template) will be discussed in the following section. 

XRD patterns of both the silica template and the 3DOM-Cs are provided in Figure 1. The 

sole features observed in the carbon appear at 2θ ≈ 22 and 44 °; these reflections are 

consistent with the (002) and (100) reflections of graphitic carbon. The broad peak widths 



8 
 

indicate considerable disorder, indicative of turbostratic graphitic carbon. Closer scrutiny 

indicates the maximum of the (002) peak, corresponding to spacing between graphene sheets, 

occurs at 23.5 ° or an interplanar distance of 3.79 Å. This is consistent with distances found 

in other furfuryl alcohol derived porous carbons also carbonized at 900 °C [29]. Patterns of 

the underlying silica template also exhibit broad peaks indicative of disorder. 

Reflectance FT-IR spectroscopy informs both the product chemistry and efficiency of 

template removal; this is difficult to determine with XRD due to the overlap of the dominant 

reflections at ~20 °. The carbon spectrum (Figure 2) shows several broad bands at ~2650, 

2350, 2100, 1800, 1500, and 1000 cm-1. Bands at 1000 and 1800 cm-1 are associated with C-

O (including H-terminated alcohol and acid functional groups as well as C-O-C moieties such 

as in esters and ethers) and C=O stretching modes, respectively; as these bands are broad, the 

specific functional groups are not discernable, but do confirm the retention of some of the 

furfuryl alcohol oxygen groups. The weak bands at 2650 cm-1, however, are consistent with 

OH stretching in a carboxlic moiety. That said, the expected resonances associated with 

alcohol functional groups between 3200 – 3700 cm-1 (seen in furfuryl alcohol carbonization 

at lower temperatures) [29] are absent. The broad band at 1500 cm-1 coincides with C=C 

stretches, but again this mode is too broad to distinguish between modes associated with 

furan-based or aromatic modes. These broad features are consistent with carbons produced by 

Song et al. [29], but not in the furfuryl alcohol derived inverse opal carbons produced by 

Tabata et al. [17], carbonized at 1000 °C but a relatively short time (1 hr). Regarding 

template removal, silica calcined at 550 °C exhibits a strong and relatively sharp peak at 

1070 cm-1. This should be resolvable in the carbons produced if residual silica persisted, but 

is invariably not seen. 

Raman spectra provide considerable detail regarding the nature of carbon produced. 

Presented in Figure 3, decomposition of the spectrum into Gaussian profiles indicate bands 
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present at 1174, 1351, 1521, and 1601 cm-1. Tuinstra and Keonig [30] find a graphitic mode 

at 1575 cm-1 determined to be the E2g mode of in-plane C-C stretches in an infinite graphitic 

crystal. Consequently, this mode is commonly referred to as the G-band, and is diagnostic of 

graphite. A second graphitic mode, labelled the D-band (disordered), is found at 1355 cm-1 in 

nanocrystalline graphite samples and arises as a first order zone boundary phonon mode due 

to the finite crystal size. That both modes are observed indicates our materials are primarily 

graphitic; further, these are probably nanocrystalline materials as in addition to D-bands, the 

G-bands are blue-shifted relative to pure carbon. This shift is most reasonably accounted for 

by interactions with a second first order zone boundary mode [31] at 1620 cm-1. The ratios of 

the intensities of the D- and G-bands, assuming graphitic carbon, can be used to derive the 

approximate size of the graphitic nanoparticles [30,32], which we find to be 17 nm. The 

1174 cm-1 mode may be nanocrystalline [32] or hexagonal diamond [32,33], or an sp3-rich 

phase [32-34]. The 1521 cm-1 mode may be due to aromatic ring motions or C-H modes [32]. 

That said, both modes together are consistent with vibrations associated with trans-

polyacetylene with modes at approximately 1150 and 1480 cm-1)  

Specific surface areas (SSA) and pore properties are provided in Table 1 for both a 

conventionally produced carbon, and a double furfuryl alcohol infiltrated sample. The latter 

was produced identically to the first, but for a second furfuryl alcohol infiltration between the 

furfuryl alcohol polymerization and carbonization steps in an attempt to increase in the wall 

thickness, as was successfully achieved in silica inverse opal templated sucrose-derived 

carbon spheres [23]. The masses of the SiO2/poly(furfuryl alcohol) composites were identical 

after each infiltration indicating that additional cycles probably do not increase the yields of 

deposited carbon precursors. On the other hand, there is a clear increase in the surface areas 

in the doubly infiltrated samples. 
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In addition to microstructural information, microscopy provides additional insight regarding 

these points. Figure 4 gives SEM images for both single and double furfuryl alcohol 

infiltrations. Figure 4a) and 4d) give overviews of the fractured carbon surface of the singly 

and doubly infiltrated samples respectively, which are dominated by (111) domains. (That 

said, in the top left corner of Figure 4a) several tiers of (100) faces are visible). The most 

immediately obvious result is that, very surprisingly, this approach does not produce hollow 

carbon spheres as other attempts to infiltrate silica inverse opals invariably achieves [23,24]; 

rather, a very well ordered inverse opal is derived instead. To our knowledge, the work of 

Zhou et al. [23] is the only other to attempt furfuryl alcohol derived carbons from silica 

inverse opal templates (although little detail is given regarding the carbon precursor), but this 

work similarly finds carbon spheres are produced.  

Fracturing along planes other than (111) is somewhat less common; however, neat domains 

of (100) planes have been located following a single furfuryl alcohol infiltration – see 

Figure 4c. Indeed, both sets of planes were also readily located in TEM images (Figure 5). 

These planes provide a convenient means of directly viewing the structure of the voids that 

surround the macropores, inaccessible on a pristine (111) surface. A missing macropore in 

Figure 4c allows a view into an octahedral interstitial site; similarly, in the center of this 

image is a capping site of a neighboring octahedral site. The missing macropore shows that 

the narrow windows (derived by the contact of spheres in the original PMMA template) 

connect the interior of the macropores with the interior of the octahedral voids. This is 

necessary for enhanced transport properties desired for high kinetics [20,22]. Indeed, our 

recent studies of HF and alumina reaffirm how important the role of pore size is for sorbent 

kinetics and carrying capacity, for example [35].  

Figure 4, images d)-f), depicts the far less well-ordered material product formed after double 

infiltration with furfuryl alcohol. It is not clear why this sample exhibits a greater degree of 
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disorder, although it is likely a consequence of interaction (possible partially dissolution) of 

the first layer of polyfurfuryl alcohol with the additional infiltrate. The additional disorder 

here may be a contributor to the higher surface area of the doubly infiltrated over the singly 

infiltrated sample.  

Finally, the SEM images allow for an estimate in the macropore/hollow sphere diameter, and 

its error (determined as the standard error of the mean). These were determined by averaging 

15 measurements spanning between 6 and 16 spheres, giving statistically indistinguishable 

diameters of 250.3 ± 1.5 and 259 ± 11 nm for the singly and doubly furfuryl alcohol 

infiltrated samples respectively. The far higher error in the latter measurement reflects the 

higher degree of disorder inherent in this sample. Similar measurements were undertaken to 

determine the wall thickness. At 29.6 ± 6.2 nm and 25.9 ± 3.4 nm for singly and doubly 

infiltrated materials respectively, these two measurements are in agreement. That is, 

successive infiltration cycles do not increase wall thickness with furfuryl alcohol based 

precursors.  

3.2. SSA Control of Furfuryl Alcohol Derived 3DOM Carbons by Variations in 

Template Synthesis Conditions. 

Tuning SSA characteristics by template modification is now explored. Pore and surface area 

properties are provided in Table 2 for the silica template and the resulting carbons, covering a 

range of template calcination temperatures, macropore sizes, and carbonization temperatures. 

The role of template properties on the 3DOM carbons do not appear to have been studied in 

particular detail in previous works beyond the role of macropore (or, equivalently, 

macrosphere) size on surface area. However, works concerning furfuryl alcohol derived 

carbons templated from, for example, SBA-15 silica have made this a considerable focus 
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with SSA and pore characteristics found to be heavily influenced by template properties 

[13,12]. Table 2 shows that this is indeed also the case for 3DOM carbons. 

Figure 6 reveals a generally positive correlation between BET SSA of the carbons and 

template surface area. Positive correlations of FA-derived carbon and SBA-15 template SSAs 

have been noted by Fuertes [13], in which template properties were controlled by the 

hydrothermal synthesis temperature (with all calcinations undertaken at 600 °C). On the other 

hand, and more relevant to this study, Smith and Lobos [12] (who also synthesized FA-

derived SBA-15 – templated carbons) held hydrothermal synthesis temperatures constant 

(80 °C) but varied template calcination temperature. Their data instead shows a strong 

negative correlation between carbon and silica surface areas. Smith and Lobos [12] argue that 

carbon surface area was a consequence of the manner in which furfuryl alcohol filled the 

mesopores, modelling mesopore filling as producing a dense rod of carbon of surface area 

(using a BJH average pore diameter D = 4V/A) AC ≈ 4/(Dsilica × ρC), with ρC the density of 

carbon. If we assume such a model, a plot of surface area vs 1/Dsilica shows no such trend 

(linear regression r2 value of 2 × 10-6). Therefore, while template SSA does influence the 

surface area of our carbons, it is clearly by a different mechanism and not a consequence of 

adopting the template porosity. Instead, we find that BET SSAC vs (DC)-1 (and not silica pore 

diameter) is strongly linear (Figure 7), indicating that surface area is determined strongly by 

the carbons own porosity and not that of the template. Analogous plots with silica find 

random scatter (r2 = 0.04 for a linear regression line), suggesting a different mechanism of 

surface area control in silica. Therefore, while 3DOM carbon surface area is correlated with 

the template surface area, this is not a consequence of the filling of the mesoporosity of the 

template. 

We turn to other parameters that drive template, and therefore carbon, SSA; primarily 

template calcination temperature and silica inverse opal macropore size (although these are 
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very closely related). We consider template calcination temperature first. Carbon SSAs drop 

significantly from ~900 m2 g-1 to ~500 m2 g-1 as this temperature increases from 550 to 

900 °C. Interestingly, the opposite trend, with carbon SSA increasing from ~600 to 

1100 m2 g-1 is noted in SBA-15 templated carbons over a similar temperature range [12]. 

There are several possible mechanisms by which template calcination temperature could 

drive SSA differences in the carbons, and given the known relationship between a materials 

macropore size and SSA, macropore shrinkage on increased calcination seems a natural 

starting point. For example, considering the closest analogues to our materials – carbon 

inverse opals derived from furfuryl alcohol but templated on a silica colloidal crystal – 

Tabata et al. [17] and Isshiki [25] note a marked increase in SSA from ~700 to as much as 

1400 m2 g-1 simply on moving from silica sphere diameters of 1000 to 50 nm respectively. 

Macropore size can be determined directly by SEM, but determination of the position of the 

stop-bands by UV-vis spectroscopy is also informative. This is particularly true as our 

materials are powders, allowing for confirmation of the plane index assignments suggested 

by Schroden et al. [36,37]. The modification of Bragg’s law to accommodate Snell’s law, 

describing the propagation of light through a medium of variable refractive index, predicts 

stop bands at: 

2
sin  

(1)

where the stop band is centered at the wavelength λ, the diffraction is of order m (we assume 

first order), the average refractive index is given by nave and θ is the angle of incident light 

measured normal to the lattice planes. Our spectra are recorded at normal incidence, and as 

such the angular term is zero. For an FCC lattice, where the cubic cell lattice parameter a is 

related to the sphere size D by D √2 , the spacing between lattice planes labelled by Miller 
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indices (hkl) may be related to stop band positions by the modified Bragg’s law (for 3DOM 

powders) as: 

2√2

√
. 1 .  

(2)

In this expression, we have also expanded the average refractive index in terms of the 

refractive indices of the template and solvent (ntemp. and nsolv, respectively) and the solid 

volume fraction φ. 

The (111) planes are the dominant scatterers observed in the powder UV-vis spectra of non-

solvent filled SiO2 inverse opals – see Figure 8 and Figure 9. After filling the macropores 

with solvent shifts, other Bragg planes become resolvable. Schroden et al. [36,37] argue 

plane indexing of (200), (220), (311), both on the grounds that non-zero structure factors only 

occur (for an FCC lattice) if the Miller indices are either all odd or all even, and by the good 

agreement found between their experimental results and these assignments. Assuming this 

indexing, plotting the wavelength of these stop bands against (√ )-1 gives a 

straight line with r2 = 0.99 thereby confirming these assignments (other assignments lead to 

significantly poorer linearity). While the template calcination temperature series (Figure 8) 

shows only a single peak in the solvent-filled spectra, these results are still consistent with the 

above assignments, supporting the findings of Schroden et al. [36,37]  

These fittings allow one to extract macropore diameters of 362, 346, and 305 nm in the 

template calcination temperature series; clearly, as hypothesized, there is a significant 

temperature dependence on the size of the macropore window. This is expected to have a 

particular influence on the SSA of the templated carbons; namely, based on previous studies 

one would expect an increase of SSA with increasing calcination temperature due to the 

shrinking macropore. Indeed, Table 2 indicated an increase in SSA with increased template 
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calcination temperature from 550 to 700 °C, likely due in part to the macropore size 

influence. However, the SSA is extremely low, consistent with a marked drop in the SiO2 

template SSA (see Figure 6) when calcined at 900 °C, indicating a competition between 

macropore size and other factors, template SSA for example.  

In fact, the surface properties of the underlying SiO2 template play a significant role, and one 

that appears to be unique to our SiO2-inverse opal (as opposed to colloidal crystal) templated 

inverse opal carbons. We plot the SSAs from our carbons as a function of macropore window 

size (Figure 10), along with data published by Tabata et al. [17] and Isshiki et al. [25]. These 

authors also prepared FA-derived inverse opal carbons but templated instead from a silica 

colloidal crystal, and this subtle difference manifests in some very interesting trends. First, 

we note that the carbons prepared in this work are, in general, considerably higher in surface 

area than those of Tabata et al. [17] and Isshiki et al. [25] for a given macropore size. The 

sole exception is the material prepared after template calcination at high temperature 

(900 °C), which falls very much below this line. Our materials also show the same trend 

regarding SSA increase with shrinking macropore size (excluding the high temperature 

template calcination sample) as in these prior studies. However, including template 

calcination temperature as well, one must note that the colloidal crystal templated carbons are 

derived after silica calcination [25,17] at 1100 °C. That is, template calcination temperature 

in these previous studies is more consistent with our low SSA 900 °C template calcination 

materials. This indicates that, despite the ultimately very similar morphological appearances 

between colloidal crystal [25,17] and our inverse opal templated carbons, and although using 

an identical precursor, the surface area properties are fundamentally very different.  

In addition to changing macropore size, template calcination temperature also influences its 

surface chemistry. Residual hydroxide in the template will be reduced with increased 

calcination; see, for example, the FT-IR spectra of the macroporous silica templates as a 
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function of calcination temperature (Figure 11). In particular, the OH stretching modes at 

~3500 cm-1 disappear with increased calcination temperature. This has implications for the 

polarity of the template surface, and in turn, wettability.  

Finally, there are several morphological influences introduced by template calcination 

temperature. High temperatures will anneal and smoothen the template surface. Similarly, as 

carbonization is performed at high temperatures, varying template calcination temperature 

will vary the relative shrinkage between template and the carbon. It is apparent that template 

properties can be just as important in tailoring the pore structure and morphology of the 

carbons, and may provide a significant tool for tuning the desired properties of the carbon. 

We have briefly explored the role of carbonization temperatures. Samples were produced 

with template calcination temperatures of 650 °C, but with carbonization performed at final 

temperatures of either 550 or 900 °C. FT-IR spectra (Figure 2) reveal a number of bands are 

present that are not found in the higher temperature calcinations, but are consistent with those 

found in other works in which furfuryl alcohol is carbonized at lower temperatures. Despite 

the different chemical nature of the carbon produced, the surface areas and pore 

characteristics are largely consistent with those carbonized at 900 °C. 

 

4. CONCLUSIONS 

High surface area carbons derived from furfuryl alcohol infiltration of silica inverse opal 

templates have been successfully produced. Inverse opals carbons have been previously 

obtained from analogous experiments using silica colloidal crystal templates [25,17], and 

hollow carbon spheres when templating with silica inverse opals (using carbon precursors 

such as sucrose [23] or phenolic resin) [24]. The expectation was that FA-templating on silica 
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inverse opals would similarly lead to hollow carbon spheres. Unexpectedly, however, carbons 

are produced that also possess a clear inverse opal structure. Characterization reveals these 

are hard graphitic carbons with high surface areas (~1000 m2 g-1), consistent with the high 

SSAs typically obtained with FA-derived carbons when compared with other precursors. 

This unexpected interaction between the precursor and template prompted close attention to 

the role that template properties play on the carbons produced, something that is somewhat 

understudied in 3DOM carbons. This has been studied for SBA-15 silica/furfuryl alcohol 

derived carbons, however, and it has been previously shown that carbon SSA increases 

markedly with increased template calcination temperature [12]; we observe the opposite in 

our materials. This appears linked to a positive correlation between the BET SSA of the 

carbons and template in our materials, with increased calcination of silica decreasing its 

surface area. However, shrinking macropore window size with increasing temperature, which 

in turn increases the SSA of the carbons, leads to a competition between macropore size and 

template surface area effects in determining the SSA of the final carbon produced. These 

effects appear unique to our silica inverse opal approach, as opposed to colloidal crystal, 

templated carbons despite similarities in the appearance of the final materials; in the latter, 

high template calcination temperatures (1100 °C) lead to high surface area carbons [25,17] 

but with comparable macropore window size, such temperatures which would lead to 

relatively low surface areas in our materials. This implies that there may be unique avenues to 

explore regarding the control of surface area in carbon sorbents from SiO2 inverse opal 

derived FA-based carbons. When coupled with the anticipated superior transport and kinetic 

properties for adsorbent migration to the active surface offered by 3DOM materials, this will 

be a useful approach to tuning materials appropriately for adsorbent and catalyst support 

applications. 
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Tables 

 

 

Table 1: Pore characteristics of 3DOM-C materials 

 BET 
SSA/ m2 
g-1 

BJH SSAa/ 
m2 g-1 

Micropore 
SSAb/ m2 g-1 
[% of total] 

BJH cumulative 
pore 
volume/cm3 g-1 

Average Pore 
Diameters 
(4V/D)/ nm 

Singly 
infiltrated 

838.7 514.0 324.7 [38.7] 0.704 5.48 

Doubly 
infiltrated 

1149.1 722.5 426.6 [37.1] 1.026 5.68 

a BJH values are summed between pores diameters of 1.7 – 300 nm. bMicropore volume is estimated by 
SSA(BET) – SSA(BJH) 
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Table 2: Pore characteristics of silica inverse opal templates and the subsequent carbons 

Silica template 
V(MMA):Temp:Calc. 
Temp:Carb. Tempa 

BET 
SSA/ m2 
g-1 

BJH SSAb/ 
m2 g-1 

Micropore 
SSAc/ m2 g-1 
[% of total] 

BJH cumulative 
pore 
volume/cm3 g-1 

Average Pore 
Diameters 
(4V/D)/ nm 

Template Calcination     
400:80:550:900 603.5 357.2 246.3 [40.8] 0.5635 6.31 
400:80:700:900 380.4 234.4 146.0 [38.4] 0.4091 6.98 
400:80:900:900 60.7 34.7 26.0 [42.8] 0.1029 11.85 
Macropore Size     
170:75:550:900 572.0 319.1 252.9 [44.2] 0.9990 12.52 
300:75:550:900 650.7 300.1 350.6 [53.9] 0.8683 11.57 
400:75:550:900 494.5 250.4 244.1 [49.4] 0.5150 8.23 
Carbonization Temperature     
400:80:650:550 351.2 210.3 140.9 [40.1] 0.3369 6.41 
3DOM Carbon 
V(MMA):Temp:Calc. 
Temp:Carb. Temp 

BET 
SSA/ m2 
g-1 

BJH SSA/ 
m2 g-1 

Micropore 
SSA/ m2 g-1 
[% of total] 

BJH cumulative 
pore 
volume/cm3 g-1 

Average Pore 
Diameters 
(4V/D)/ nm 

Template Calcination     
400:80:550:900 899.8 393.2 506.6 [56.3] 0.6686 6.80 
400:80:700:900 992.2 426.4 565.8 [57.0] 0.7655 7.18 
400:80:900:900 467.5 226.5 241.0 [51.6] 0.8012 14.14 
Macropore Size     
170:75:550:900 1173.4 590.7 582.7 [49.7] 0.7356 4.98 
300:75:550:900 1224.4 569.6 645.8 [53.5] 0.6796 4.77 
400:75:550:900 1148.4 677.2 471.2 [41.0] 0.8708 5.14 
Carbonization Temperature     
400:80:650:550 1136.8 422.5 714.3 [62.8] 0.7301 6.91 

a
 V(MMA); volume of MMA/ mL used in PMMA synthesis: Temp; PMMA synthesis temperature (°C): Calc. 

Temp; calcination temperature of the silica template (°C): Carb. Temp; carbonization temperature (°C)  
b BJH 

values are summed between pores diameters of 1.7 – 300 nm.  cMicropore volume is estimated by SSA(BET) –
 SSA(BJH) 
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Figure Captions 

Figure 1. XRD patterns of silica template calcined at 550 °C, and the resulting carbon 

(carbonized at 900 °C). 

Figure 2. FT-IR spectrum of a 3DOM carbon, carbonized at 550 °C, 900 °C, and silica 

calcined at 550 °C. 

Figure 3. Raman spectrum of a 3DOM carbon, carbonized at 900 °C. 

Figure 4. SEM images of double-templated 3DOM-C materials.  (a) A fractured surface from 

a single furfuryl alcohol infiltrated sample, magnified 10 000×, domains consisting of both 

(111) and (100) planes are visible; (b), (c) magnifications (100 000×) of the (111) and (100) 

domains, respectively, from the sample depicted in (a).  Note the missing hemisphere in the 

(100) domain (lower left hand corner of (c)) showing a hollow carbon sphere in the lower 

layer.  Images (d)-(f) depict the double furfuryl alcohol infiltrated sample at increasing 

magnification (20 000, 50 000, and 80 000×, respectively) demonstrating the far less ordered 

and greater variability in diameter macroporous cavities.   

Figure 5. TEM images of a single furfuryl alcohol infiltrated sample depicting (left) (111) and 

(100) domains. 

Figure 6. 3DOM carbon SSA vs the BET SSA of the underlying silica inverse opal template. 

Figure 7. 3DOM carbon SSA vs the reciprocal of carbon average pore diameters. Analogous 

data for the SiO2 templates are also provided. 

Figure 8. UV-vis spectra of SiO2 inverse opal templates in the template calcination 

temperature series (see Table 2); spectra are associated with both air (n = 1.000) and 

isopropanol (n = 1.378) filled macropores. 
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Figure 9. UV-vis spectra of SiO2 inverse opal templates in the MMA = 300 samples (see 

Table 2); spectra are associated with both air (n = 1.000) and isopropanol (n = 1.378) filled 

macropores. 

Figure 10. BET SSAs of 3DOM carbons templated from silica inverse opals (this work) and 

silica colloidal crystals (Tabata et al. [17] and Isshiki et al. [25]) as a function of macropore 

window diameter. 

Figure 11. FT-IR spectra of silica templates calcined at 550, 700, or 900 °C. 
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