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ABSTRACT: Here we report a straightforward approach to synthesize hierarchical porous carbon (HPC) via a high temper-
ature ionothermal synthesis and partial pyrolysis of a covalent triazine framework (CTF) in molten ZnCl2. By using 1,4 
dicyanobenzene (DCB), 1,3-dicyanobeznene (mDCB), or 2,6-dicyanopyradine (DCP) as the monomer precursor for the CTF, 
we found that ZnCl2 acts as an effective porogen in the system for monomers with weak solvent-solute interactions (DCB 
and mDCB). The resulting HPCs derived from DCB and mDCB exhibits a systematically tunable hierarchical porosity with 
an average pore size ranging from 2.5 - 8 nm, by varying the concentration of monomer in solution. We show a decreasing 
DCB:ZnCl2 ratio gives rise to larger mesopores, with improved pore connectivity and accessibility that is beneficial to mass 
transport and ion diffusion for high performance electric double layer capacitors (EDLCs) at high mass loadings. We 
demonstrate EDLCs with specific capacity values over 155 F/g at high mass loadings of 15 mg/cm2, and exceptional areal 
capacities of over 2.27 F/cm2 at low rates and 1.48 F/cm2 at high rates. 

Energy storage is becoming more important than ever as 
the world’s demand for portable energy rapidly increases. 
Many electronic devices require components that can han-
dle large power spikes, with fast charge and discharge rates 
(seconds to minutes) like electric vehicles, laptops, and 
backup power generators.1,2 Electric double layer capaci-
tors (EDLCs) are attractive for fulfilling such technological 
needs, through their exceptional power densities and ro-
bust cyclability.2  

These unique high power characteristics of EDLCs are 
attributed to their fundamental operating mechanism – 
the electrical double layer effect. Capacitance originates 
from the separation and absorption of charged ions on the 
surface of the electrodes.1–4 This process is non-faradaic 
and only limited by electrolyte diffusion in the electrode, 
which promises very high charge and discharge rates with 
unrivaled stability, but often with a limited capacity due to 
the nature of surface ion absorption. The capacity of 
EDLCs is directly tied to the surface area of the electrode. 
More surface area means more ions can be adsorbed, re-
sulting in higher capacities. Tremendous effort has gone 
into improving the capacity values.  

In this regard, carbonaceous materials are particularly 
attractive for their high surface areas as well as excellent 
electrochemical stability.2,5 In particular, nanostructured 
carbon materials have shown great potential for boosting 
the capacities of supercapacitor electrodes. For example, 
microporous carbon electrodes have shown high capacities 
of over 250 F/g at high rates.2,5 However, the areal mass 
loading of the electrodes is often overlooked, and is typi-
cally very small (0.5 – 1.0 mg/cm2). In this case, if one takes 
the mass of the entire device into consideration (casing, 
current collector, separator, etc.), the overall capacity of 

the devices with such low mass loadings is seriously com-
promised. Realistic loadings of the active materials with a 
total mass comparable to that of the current collector (~ 10 
mg/cm2) are necessary for practical applications. However, 
the performance of many supercapacitor materials re-
ported to date drops quickly as the electrodes become 
thicker at higher mass loading. This is due to many factors, 
such as increased internal resistance of the electrode and 
poor ion diffusion through thicker electrodes.6 Developing 
nano architectured materials to maintain their outstand-
ing performance at practical mass loadings is crucial for the 
development and application of high performance super-
capacitors. 

A good candidate for supercapacitor active materials are 
covalent organic frameworks (COFs). They feature several 
desirable characteristics of a supercapacitor material, in-
cluding high surface areas, tunable porosities, and diverse 
functional groups.7,8 However, typical COFs lack high elec-
trical conductivity, which is essential for EDLC function. 

 

Figure 1. The porosity evolution in the CTF-derived HPCs with 
varying ZnCl2 to DCB ratios. Small micropores are maintained 
for high surface area, while larger mesopores are created to en-
sure efficient ion diffusion throughout the material. 

 



 

Solutions to this problem are mostly achieved through py-
rolysis/carbonization of the COF9,10 or synthesizing the 
COF in the presence of a conductive host material11. An-
other potential way to enhance conductivity is to use con-
jugated monomers.12–14 To this end, covalent triazine 
framework (CTF) represents a unique class of COFs with a 
fully conjugated structure.  

Pioneered by Kuhn et al., these CTFs contain a triazine 
motif with high surface area, and are synthesized from 
cheap, abundant aromatic nitriles.15,16 The conjugated CTFs 
fulfill all of the necessary attributes for use in energy stor-
age due to their high surface areas, moderate electrical 
conductivity, high chemical/physical stability, and tunable 
geometries.12,16 Additionally, the rich nitrogen groups in 
CTFs may also be beneficial to EDLCs through enhanced 
wettability of the electrolyte, introduction of pseudocapac-
ity (aqueous electrolytes), and increased active surface 
area.17 Hao et al. first reported CTFs for supercapacitor ap-
plications by using a high nitrogen content monomer unit 
and a high temperature synthesis to generate a mesopo-
rous framework with desirable high surface area and con-
ductivity.12 

Here, we focus on developing tunable hierarchical po-
rous frameworks that contain both micropores and meso-
pores to allow for efficient ion diffusion while still main-
taining a high surface area. This is crucial for high rate and 
high loading devices. Hierarchical porous carbon (HPC) 
with modest nitrogen content (~ 7 – 9 at%) was generated 
through the high temperature ionothermal synthesis and 
partial pyrolysis of a CTF in molten ZnCl2. By tailoring the 
1,4-dicyanobenzene (DCB) monomer precursor concentra-
tion in the ZnCl2 melt, HPCs can be readily produced with 
widely tunable pore size distributions. With a tunable hi-
erarchical porosity for highly efficient ion transport, we 
show the resulting HPCs can be used for constructing 

EDLCs with specific capacity values over 155 F/g at a high 
mass loading of 15 mg/cm2, and exceptional areal capacities 
of over 2.27 F/cm2. 

Synthesis and Characterization of HPCs. The HPCs 
were synthesized from the trimerization reaction of 1,4-di-
cyanobenzene (DCB) in a molten ZnCl2 salt. In a typical 
synthesis, 400 mg of DCB and the desired weight of ZnCl2 
were ground together in a pestle and mortar inside of a 
glovebox. The resulting mixture was transferred to a quartz 
ampoule, evacuated, and sealed. The samples were heated 
to 700 °C in one hour, and reacted for 20 hours. After cool-
ing to room temperature, a large black monolith was ob-
tained, which was ground and then washed with a 0.5 M 
HCl solution three times, water once, and THF twice. The 
washed sample was dried in a vacuum oven at 120 °C over-
night. The same method was also used to prepare HPCs us-
ing 1,3-dicyanobeznene (mDCB), or 2,6-dicyanopyradine 
(DCP) monomers for mechanism studies.  

The morphology of the samples was studied by scanning 
electron microscopy (SEM), using a JEOL JSM-6700F FE-
SEM at 8 kV. Energy dispersive X-ray (EDAX) spectroscopy 
was obtained from a METEK Z2e analyzer at 10 kV and a 
probe current of 15 μA. Transmission electron microscopy 
(TEM) was performed using a FEI T12 operated at 120 kV. 

N2 adsorption-desorption isotherms were obtained at 77 
K using a micromeritics TriStar 3020. Samples were de-
gassed at 175 °C under vacuum overnight before measure-
ments. Surface areas were calculated from Brunauer-Em-
mett-Teller (BET) theory, and pore size distributions were 
obtained through density functional theory (DFT). 

Raman spectroscopy experiments were performed on 
the HPCs using a Horiba LabRam HR800 system with an 
excitation wavelength of 514 nm.  

 

Figure 2. BET isotherm (a) and differential pore volume (b) plots shows hierarchical porosity of the samples prepared with different 
monomer:ZnCl2 ratios denoted s, m, L, and XL-HPC for increasing pore size distribution. The inset in (b) shows that the average pore 
size is directly correlated to the concentration of DCB in solution, reaching a minimum at around 2.5 nm. The hysteresis in the isotherm 
plot is indicative of mesoporous samples. A summary of the surface area and pore size are shown in (c). The SEM images of s-HPC 
(d), m-HPC (e), L-HPC (f), and XL-HPC (g) show an increasing pore size in the resulting HPCs. 

 



 

Powder X-ray diffraction (XRD) was performed on a 
Bruker D8 with Cu Kα x-rays (λ = 0.15418 nm). The step size 
was 0.014° every 0.18 s operated at 45 V and 10 mA. 

A composite was made for EDLC testing. This was 
achieved by mixing the desired HPC, conductive carbon 
(Super P), and polytetrafluoroethylene (PTFE) together in 
a 7:2:1 by weight ratio in an agate mortar, respectively. Wa-
ter was added to create a free standing film, which was 
pressed at various thicknesses. Samples were dried in a vac-
uum oven at 120 °C overnight, cut into circular electrodes 
with a diameter of 4 mm, then immersed in an ionic liquid 
electrolyte, 1-ethyl-3-methylimidazolium tetrafluoroborate 
(EMIMBF4). The symmetric cell was made by pressing two 
electrodes between 2 gold coated glass slides with a What-
man ashless filter paper as the separator. 

Cyclic voltammetry (CV), galvanostatic charge-dis-
charge (GCD), and electrochemical impedance spectros-
copy (EIS) were obtained from a CHI760e using symmetric 
double cells. Specific capacity (Cs, F/g) is measured from 
the GCD using Cs = 2It/mV, where I is the discharge cur-
rent, t is the discharge time, m is the mass of HPC in a sin-
gle electrode, and V is the potential window. Device capac-
ities (Call, F/gall) are calculated by incorporating inert com-
ponents utilizing the formula Call = Cs/(1+σinert/σA) where 
σinert is the inert component’s mass loading (chosen to be 
10 mg/cm2) and σA is the mass loading of the HPC. Areal 
capacity (CA, F/cm2) is calculated as CA = Cs*σA. Energy (E, 
Wh/kg) is determined using E = ⅛CsV2 and power (P, 
W/kg) is found with P = E/t.  

Physical and chemical properties. The high tempera-
ture synthesis of DCB has been proven to increase surface 
area, porosity, and conductivity of the resulting CTF.12  By 
further tuning the reaction conditions, hierarchically po-
rous carbon (HPC) was obtained from the simultaneous 
synthesis and pyrolysis of the CTF at 700 °C. The DCB to 
ZnCl2 molar ratio was varied from 1:1 to 1:20 to create the 
various HPCs (Figure 1). Of the samples obtained with this 
method, four with significantly different pore size distribu-
tions were chosen for characterization and electrochemical 
studies. From the smallest pore size to the largest, the sam-
ples are denoted s, m, L, and XL-HPC, corresponding to 
HPCs obtained with DCB:ZnCl2 ratios of 1:5, 1:7.5, 1:12.5, and 
1:20, respectively.  

 N2 adsorption and desorption isotherms were used to 
determine the surface characteristics of the HPCs (Figure 
2a). The adsorption-desorption curves take the shape of a 
type IV isotherm, indicating the presence of both mi-
cropores and mesopores in each HPC. Furthermore, the 
hysteresis loop gradually shifts from H2 to H3 type as the 
ratio of ZnCl2 gets higher (Figure 2a), indicating the change 
from “ink bottle” pores to slit like pores.18 This is most 
likely due to the ZnCl2 acting as a porogen during the syn-
thesis, as also postulated previously.19,20 The differential 
pore size distributions for the series of samples are further 
shown in Figure 2b. It is apparent that the s-HPC obtained 
with the DCB:ZnCl2 ratio of 1:5 shows limited hierarchical 
porosity. With an increasing ratio of ZnCl2, the pores ex-
pand dramatically, with an average pore diameter shift 
from 2.5 nm in s-HPC to almost 10 nm in XL-HPC (Figure 

2b). One important aspect of the differential pore volume 
plots is the preservation of small pores (0.5 – 2 nm) in the 
structure, which are essential for retaining high surface 
while hierarchical porosity is being introduced with the in-
creasing ZnCl2 ratio. 

SEM images confirm the porosimetry results, showing a 
gradual shift from small pores to large pores (Figure 2d-g). 
Comparing the smallest sample, s-HPC (Figure 2d), to the 
largest, XL-HPC (Figure 2g), one can see the stark differ-
ence in the porosities. No large voids are seen in s-HPC and 
the surface is relatively uniform, confirming the limited hi-
erarchical porosity as shown in the pore size distribution 
plot. Figure 2g especially demonstrates the hierarchical na-
ture of the larger HPCs. There are large cavernous voids 
dotted with small pores along the walls. This intercon-
nected network of pores is critical for efficient mass 
transport and electrolyte penetration to ensure pore acces-
sibility. TEM studies also confirm a similar evolution of the 
porous structures in these different samples (Figure S1). It 
is noted that the larger pore size comes at a cost of surface 
area. The s-HPC has a surface area of 2581 m2/g, while the 
XL-HPC has a ~ 40% reduction in surface area to 1614 m2/g. 

Raman spectroscopy was used to characterize the HPCs. 
The main peaks of interest are the D-peak (1360 cm-1) 
which arises from sp2 hybridized carbon’s breathing mode 
and G-peak (1560 cm-1) is due to the bond stretching of all 
sp2 hybridized carbon.21,22 These can be used to approxi-
mate the degree of sp2 and sp3 carbon in a sample.22,23 Car-
bon samples that are highly graphitized have a low ID/IG 
ratio, while amorphous carbons have a much higher ID/IG 
ratio (ranging from 0.8 – 1.5). Figure 3a shows the contrast 

 
Figure 3. Raman spectra of the high temperature synthesis 
shows an ID/IG ratio of around 1, which is consistent for amor-
phous carbon (a). Each HPC has a ID/IG ratio of around 1 (b), 
meaning ZnCl2 did not enhance pyrolysis, but acted as a poro-
gen. XRD of DCB indicates no graphitization of the sample, and 
that it is mostly amorphous, losing any periodicity (c). The differ-
ential pore volume is dictated not only by the ZnCl2 content, but 
also the monomer used (d). Both mDCB (red) and DCB (black) 
show expanded pore sizes at high monomer:ZnCl2 ratios, while 
DCP (blue) is unchanged. 

 



 

between graphite with a low ID/IG ratio, and CTFs synthe-
sized at different temperatures. The 400 °C CTF (referred 
to as CTF-1 in literature) has been shown to stack similar 
to graphite but with limited periodicity.15 This leads to an 
increased ID/IG ratio as compared to graphite. The 700 °C 
sample exhibits an even higher ratio, indicating the struc-
ture lacks periodicity, and is mainly amorphous. Figure 3b 
shows that the HPCs with different pore size each have an 
ID/IG ratio of around 1, which is consistent with other amor-
phous carbons.4,10,17,22 The similar ratios indicate that each 
sample has roughly the same degree of amorphous charac-
ter, suggesting that the amount of ZnCl2 did not signifi-
cantly affect the pyrolysis. 

The XRD patterns provide further evidence of the amor-
phous nature of the HPCs. Comparing CTF-1 to the higher 
temperature displays the difference in structure. As stated 
previously, CTF-1 has a layered structure that lacks long 
range periodicity. This broadens the (001) stacking XRD 
peak at around 26°, as seen in Figure 3c.24 The (001) stack-
ing peak disappeared during the higher temperature syn-
thesis at both low and high ZnCl2 concentrations, which 
may be attributed to N crosslinking throughout the struc-
ture.12,16  

To probe whether or not the monomer geometry af-
fected the resulting porosity, we have explored two other 
monomer units for the synthesis under the same reaction 
conditions. DCB and its meta isomer, mDCB, showed sim-
ilar behavior at low and high ZnCl2 amounts (Figure 3d). 
The differential pore volume plots show that at high ZnCl2 
amounts hierarchical porosity is introduced. In contrast, 
the pyridine containing monomer DCP showed no such 
pore expansion. The low and high ratio samples had iden-
tical pore size distributions. The solvent-solute interaction 
is suspected to be stronger for DCP than mDCB and DCB 
due to the presence of a pyridine. This stronger interaction 
may prevent the ZnCl2 from creating mesopores in the 

structure because it is “locked” in place inside the CTF 
structure.16 The weaker interaction with DCB and mDCB 
may allow for free ZnCl2 to occupy a large volume between 
growing CTF sheets giving rise to hierarchical porosity. 
This further suggests that ZnCl2 is acting as a porogen in 
the HPC system rather than enhancing pyrolysis of the 
overall structure. EDAX analysis supports this conclusion 
because each HPC contains a similar nitrogen amount of 8 
– 10 wt% (Table S1). If ZnCl2 promoted hierarchical porosity 
through pyrolysis there would be a defined loss in N con-
tent with increasing ZnCl2 amount.  

This combined evidence suggests that the hierarchical 
porosity results from porogen effects rather than degrada-
tion. It is crucial to understand these interactions, because 
some monomers will not produce hierarchical porosity. To 
enhance nitrogen content, different monomers with 
weaker solvent-solute interactions should be chosen, par-
ticularly ones lacking a pyridine motif. 

EDLCs and Electrochemical properties. To assess the 
electrochemical properties of the HPCs, EDLCs were made 
and tested by cyclic voltammetry (CV), galvanostatic 
charge-discharge (GCD), and electrochemical impedance 
spectroscopy (EIS). Figure 4a & b show a typical GCD and 
CV, respectively. Figure 4c represents the capacitance vs. 
current density at a low loading (3 mg/cm2) of each HPC. 
It can be seen that at lower mass loadings the samples are 
relatively similar, with little capacity degradation compa-
rable to that of other carbon materials using ionic liquids 
as the electrolyte.3,25 At low current densities and low load-
ing the highest capacities are achieved. At 0.5 A/g with a 
loading of 3 mg/cm2 the s, m, L, and XL-HPCs exhibited 
similar gravimetric (specific) capacities of 171 F/g, 163 F/g, 
162 F/g, and 192 F/g, respectively. At this current density, 
the surface area is more impactful for the smaller HPCs, as 
s-HPC (2581 m2/g) has a higher capacitance over m-HPC 

 

Figure 4. GCD (a) and CV (b) of a typical HPC. Capacity vs current density plots of each HPC at 3 mg/cm2 (c) and 15 mg/cm2 (d). 
HPCs with a larger pore size distribution show enhanced capacity retention for high loading (e). Capacity vs mass loading at 10 A/g 
displays the effectiveness of each HPC as loading is increased (f). 



 

(2189 m2/g); both of which have similar pore size distribu-
tions. However, L-HPC (1711 m2/g) and XL-HPC (1614 m2/g) 
appear to overcome their low surface area with increased 
pore accessibility from the hierarchical porous structure as 
both have lower surface area than s & m-HPC, but rise in 
capacity. At a higher current density of 10 A/g, the benefit 
of the hierarchical porosity becomes more evident as the 
overall capacities for different HPCs drop to 95 F/g (s-
HPC), 101 F/g (m-HPC), 107 F/g (L-HPC), and 131 F/g (XL-
HPC). Here the importance of the hierarchical porosity in 
facilitating more efficient mass transport is clearly mani-
fested, as the samples with the larger pore sizes show 
higher capacities, as well as a smaller drop in capacity. XL-
HPC achieves the highest capacity of 192 F/g, representing 
the highest value achieved in a CTF derived carbon in a 
symmetric cell.12  At a loading of 3 mg/cm2 with an ionic 
liquid electrolyte, this data is on par with that of literature 
values that have capacities ranging from 150-200 F/g at low 
current densities.25–29 Electrodes also show moderate sta-
bility with 85% capacity retention over 8000 cycles (Figure 
S2). 

At high mass loadings, the capacities differ substantially. 
An expected drop in specific capacity is observed for all 
electrodes, due to larger resistances and ion transfer dis-
tances in thicker electrodes (Figure 4d).30 Nonetheless, it is 
apparent that the samples with the larger pores better re-
tain their capacities and rate performance when compared 
to that of the smaller pore HPCs, demonstrating that the 
larger pore samples are able to cope with high currents at 
high loading much better than that of their smaller pore 
counterparts. At a low rate of 0.5 A/g each HPC has a ca-
pacity around 150 F/g. This quickly changes as the current 
density rises, and at 10 A/g the capacities are 16 F/g, 21 F/g, 
57 F/g, and 102 F/g for the s, m, L, and XL-HPCs, respec-
tively. Figure 4e displays the capacity retention trend as the 
current density rises for the HPCs. Specifically, XL-HPC, 
with its large pore size distribution, experiences an 65% 
rate retention relative to a 10% retention for the s-HPC at 
a loading of 15 mg/cm2 and current density of 10 A/g. Even 
the L-HPC begins to show significant fading at this current 
density; although it is still superior to the smaller pore size 
HPCs.  Once again, XL-HPC shows the best performance 
at high loading with capacities of 156 F/g and 102 F/g at 0.5 
A/g and 10 A/g, respectively. The decreased rate perfor-
mance as compared to the lower loading samples is due to 
the increased ion transfer distance.6,30 

Figure 4f highlights the loading performance of the 
HPCs. This plot clearly shows how the loading of the sam-
ple is detrimental to the s-HPC and m-HPC at 10 A/g. XL-
HPC and L-HPC are able to maintain their capacities even 
at high mass loadings, as seen from the shallow slope of the 
mass loading curves. The s & m-HPC quickly lose capacity, 
as ion conduction becomes restricted at high loading in 
these pore size regimes. The high capacity retention at 
both high loading and high rate is attributed to the very 
large pores allowing for efficient mass transport and ion 
diffusion in the sample.4,23,31,32 This is especially important 
for ionic liquids that lack high ionic conductivity.3 Even 
though XL-HPC has the lowest surface area, it’s huge pore 

size allows both easier ion conduction as well as better 
pore accessibility. Volumetric capacities show a similar de-
pendence with the mass loading.  At low rate (1 A/g), all 
HPCs having a relatively constant volumetric capacity over 
all loadings; on the other hand, at high rate (10 A/g), only 
XL-HPC maintains a nearly constant volumetric capacity 
with increasing mass loading, while all other materials 
show considerable degradation in volumetric capacities at 
high mass loading due to charge transport limitations (Fig-
ure S3a,b). 

Specific capacity normalized by the mass of the active 
material isn’t the best way to evaluate the performance of 
EDLC, particularly at low mass loading where the passive 
components make up a large fraction of the total mass in 
the device. For practical applications, the areal capacity 
could be a more appropriate parameter to evaluate the 
practical performance of EDLCs, since all passive compo-
nents are largely constant in a given area.33 At a low current 
density of 0.5 A/g, there is barely any difference in areal 
capacity for all the HPC samples (Figure 5a). There is a 
clear linear trend between areal capacity and mass loading 
at this current density. High values above 2 F/cm2 are 
achieved for each HPC at loadings of ~ 15 mg/cm2, with XL-
HPC having the highest at 2.27 F/cm2. These values are 
quite high for EDLCs with ionic liquid electrolytes, and ri-
val that of aqueous based electrolytes.4,34,35 At high current 
densities the HPCs show substantially different behavior 
with increasing mass loading (Figure 5b). The linear trend 
disappears, indicating severe ion transport limitations in 
thick electrode at high current density. The s-HPCs areal 
capacity shows no increase, indicating the higher material 
loading is completely offset by the capacity loss due to the 
transport limitations. There is an initial increase in the ar-
eal capacity of m-HPC, however at high loadings of 15 
mg/cm2, the resistance and transport limitations outweigh 
the benefit of the higher loading. A similar trend is ob-
served for L-HPC; however, the areal capacity decay is 
much less. Only at the extreme pore size distribution of 
XL-HPC is there no areal capacity decay with increased 
mass loading. A high value of 1.48 F/cm2 is achieved at 10 
A/g for this material. Similar to the gravimetric capaci-
tance, the areal capacity is severely impacted by the hier-
archical pore size distribution in the HPCs. The larger 
pores allow for more efficient ion diffusion, even in thick 
electrodes at both low and high current densities. This is 
crucial for industrial scale applications where thick elec-
trodes are necessary.  



 

A Ragone plot for both high and low mass loading s-HPC 
and XL-HPC are presented in Figure 5c. The highest energy 
density and power density achieved were 60.2 Wh/kg and 
7500 W/kg, respectively. These values are consistent with 
other carbon based materials using ionic liquid electro-
lytes.3,27,28 However, it is noteworthy that values of 48.9 
Wh/kg at 375 W/kg are achieved with a mass loading of 15 
mg/cm2; a loading that is 5-15 times higher than that of 
most literature values. Furthermore, at a power of 7500 
W/kg the energy only decreases to 31.8 Wh/kg, indicating 
high energy retention. Ragone plots do not account for ma-
terial loading, so comparable energy and power densities 
at such high loadings is impressive. The volumetric Ragone 
plot shows a similar trend as well (Figure S3c).  

Figure 5d takes the mass of the passive components into 
the gravimetric capacity calculation. This is another way to 
factor in mass loading similar to areal capacity. A value of 
10 mg/cm2 is chosen for the inert components (a mass load-
ing comparable to common current collectors).32 Many 
EDLC materials in literature can reach up to 200 F/g, and 
some over 300 F/g at low mass loadings.2,5,31 However, the 
loading of many of these materials rarely exceed 1 mg/cm2. 
When weighted by the total device, these capacities drop 
dramatically (red shaded region in Figure 5d). For example, 
a device with a capacity of 300 F/g at 1 mg/cm2 has a device 
capacity of 27 F/gall assuming a 10 mg/cm2 loading for inert 
components. Even with the lowest loading of the s-HPC (3 
mg/cm2) the device capacity reaches a comparable 35 F/gall 
at 1 A/g. However, with a higher loading these values are 
increased greatly. Both of the 15 mg/cm2 HPCs show high 
device capacities at low rates, however s-HPC exhibits a 
sharp drop in device capacity as the rate is increased, even-
tually dropping well below that of conventional EDLCs. On 
the other hand, XL-HPC shows high device capacities of 74 

F/gall and 48 F/gall at current densities of 0.5 A/g and 10 A/g, 
exhibiting outstanding loading and rate performance. The 
large hierarchical pore size distribution of XL-HPC is cru-
cial for maintaining a high rate and high capacity at high 
loading. 

Electrochemical impedance spectroscopy provides fur-
ther insight into the excellent performance of HPCs. 
Nyquist plots of the HPCs are displayed in Figure 6a. The 
semicircles for each plot decreases with increasing pore 
size. This region represents the bulk electrolyte resistance; 
the larger the semicircle the greater the resistance.36 Simi-
lar phenomena have been reported with ionic liquids with 
varying pore sizes.25 A decrease in bulk electrolyte re-
sistance is thought to represent an increase in ion mobil-
ity.25 The trend reinforces the GCD data that larger pores 
allow for enhanced pore accessibility.  

The diffuse layer resistance (Figure 6b inset) is repre-
sented by the part of the Nyquist plot that has a 45°, before 
the sharp increase in slope. This region indicates non-fara-
daic processes, and can be used to calculate the resistance 
of the electrolyte in the pores, termed Rion.32,37,38 A simula-
tion was used to determine the semicircle region to get an 
accurate value for the 45° region for Rion calculations. Ion 
resistance is shown to decrease with increasing pore size. 
This trend, combined with the bulk electrolyte results, in-
dicate that the large hierarchical porosity in the HPCs en-
able high ion mobility and charge transfer during cycling, 
granting high rate and loading capabilities. 

Conclusion. The relationship between the pore size and 
distribution of a material and its effect on EDLCs is com-
plex. Hierarchical porous carbon with high nitrogen con-
tent, derived from covalent triazine frameworks, was ex-
plored as a potential energy storage material in this study. 
Unique pore structures were synthesized, with various lev-
els of porosity; termed small, medium, large, and extra-
large. It was found that the solvent, molten ZnCl2, was re-
sponsible for introducing mesoporosity into the sample by 
acting as a porogen. Weak intermolecular forces between 
the solvent and solute allow the ZnCl2 to occupy large vol-
umes in-between growing CTF layers during the high tem-
perature synthesis. This leads to large amounts of ZnCl2 
producing successively larger pores. This can be disrupted 
by stronger bonding motifs like pyridines, which prohibit 
mesopores formation. 

Capacities attained were consistent with current EDLCs 
using ionic liquids with a maximum of 192 F/g at 0.5 A/g. 
However, HPCs displayed superior areal capacities up to 
2.27 F/cm2 due to heightened pore accessibility and ion 
mobility which was confirmed by EIS measurements. 
When normalized by the total device weight, HPCs outper-
formed other materials with an impressive 74 F/gall vs 27 
F/gall of an idealized capacitor material (300 F/g at 1 
mg/cm2). Mass loading is not a common parameter inves-
tigated in EDLCs, however it is crucial for the develop-
ment, and implantation of real life devices.33 Herein, HPCs 
are displayed to have tunable hierarchical porosities with 
excellent electrochemical performance. Contrary to cur-
rent literature, a larger pore size distribution (with some 

 

Figure 5. The areal performance at 0.5 A/g (a) and 10 A/g (b) 
for each HPC. Significant capacity decay is observed for high 
rate samples, however XL-HPC shows limited fading. Ragone 
plots (c) of s-HPC and XL-HPC at high and low loadings. Gravi-
metric capacitance is normalized by the overall total weight of 
the device, giving values of device capacity (d). Devices with 
high gravimetric capacities but low loading are incorporated to 
show where they fall in terms of device capacitance. 



 

pore volumes being attributed to pore over 50 nm in diam-
eter) is beneficial to EDLCs, especially for high loading and 
high rate applications. 
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