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Here we demonstrate a low-temperature pseudomorphic 

transformation of carbide aerogels for electrocatalysis. The 

sustaining temperature-gradient-driving transportation of 

volatile metal compound and carbon diffusion-limited 

growth yield highly-active, mesoporous, nanocrystalline 

TiC and NbC aerogels with high surface areas (265 and 159 

m2/g) and porosities (~83 and 80 vol%) from carbon 

aerogels, respectively. 

Introduction 

Due to their low density, high surface area, and open-celled 

porous structures, aerogels have potential applications such as 

thermal and acoustic insulation, outer-space particle capture, 

energy storage, sensors, catalysis, inertial confinement fusion 

(ICF) and many more1, 2. However, the exploration of 

distinctive and diverse properties of aerogels has been limited 

because of their low crystallinity. In the sol-gel process 

involved by the preparation of traditional aerogels (e. g. SiO2, 

Al2O3), the hydrolysis and condensation of metal compound 

precursors form amorphous gels at low temperature3. For 

crystallization, further high-temperature calcination renders 

aerogels the melting of sold phases, collapse of porous 

frameworks, and crack of macroscopic solids4. With the 

growing requirements in special functional porous materials, 

crystalline aerogels have been recently attracting much 

attention. One of strategies is the assembly of surface 

functionalized nanocrystals as building blocks into the three-

dimensional connected networks by polymerization, followed 

by a supercritical drying process. However, the compositions 

of aerogels are still limited to metal chalcogenides (CdSe, 

PbS)5, noble metals (Au, Ag, AgAu)6, transitional metal 

oxides (ZnO, SnO2)
7 and perovskite oxides (BaTiO3)

8, 

because of the demanded colloidal forming process.  

In the recent years, the thermal conversion of oxide aerogel 

precursors has been an alternative strategy for preparing self-

replicated and polycrystalline metal, carbide, silicon, and 

nitride aerogels without direct sol-gel process9, 10. Owing to 

the excellent thermal properties and high oxidation stabilities, 

SiC aerogels have recently received special attention11, which 

also pave a way for preparing other highly porous carbides (e. 

g. TiC, NbC, TaC, WC) for thermally insulator, catalyst 

carriers, energy storage and conversion, as well as backlight 

ICF targets in high-temperature plasma experiments12. 

Generally, monolithic carbide aerogels can be synthesized by 

carbothermal reduction of metal oxides with carbon at high 

temperature (higher than 1400 °C). These processes are cost-

intensive and time-consuming (>24h). And the morphologic 

control of carbide aerogels is also difficult due to the various 

crystal-growth tendencies of carbides at high temperature13. 

Herein, we have demonstrated a low-temperature 

pseudomorphic synthesis approach for directly converting 

carbon aerogels into highly porous, polycrystalline titanium 

(niobium) carbide aerogels, thus following a solid-gas-solid 

reaction mechanism between metal Ti (Nb) with C in aid of 

iodine catalysts. Neither highly pure protective atmosphere 
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(e.g. Ar) nor special heating system (>1200 °C) is necessary, 

which is straightforward and energy-efficient. More 

importantly, this comprises a general synthetic strategy for 

different kinds of carbide aerogels and nanoporous structures 

for electrocatalytic applications. 

Results and discussion 

Carbon aerogels have been utilized as templates to 

synthesize TiC and NbC aerogels by a low-temperature 

pseudomorphic transformation following a solid-gas-solid 

mechanism, which is schemed in Fig. 1. Prior to the 

transformation, monolithic carbon aerogel plates are 

synthesized by the base-catalysed (sodium carbonate) gelation 

and subsequent carbonization of resorcinol and formaldehyde 

in deionized water, followed by a simple activation with CO2 

at 1000 °C. The carbon aerogels are of an openly porous 3D 

disorder framework, which is suitable for highly efficient 

absorption and decomposition of the gaseous metal iodides to 

yield TiC and NbC at a relatively low temperature, 

respectively.  

 

Fig. 1 Schematic of the synthetic process of TiC and NbC aerogels. 

Scale bar: 500 µm, 1 µm, 500 µm, and 1 µm from left to right. 

After reaction, the products show the similar morphology 

to carbon templates, without losing the porous framework 

(Fig. 2a-c). EDS analyses (Fig. 2d-e) show that the converted 

products mainly contain Ti and C elements, as well as Nb and 

C elements, respectively. A little detected sign of I element 

could be contributed to absorbed I2 at the surface of carbide 

aerogels. By the XRD analyses (Fig. 2f), the crystalline 

phases are presented in the products after reaction, which are 

distinct from the amorphous phases of carbon aerogels14. The 

peaks located at 36.0°, 41.8°, 60.6°, 72.5°and 76.3° have been 

indexed as the (111), (200), (220), (311), and (222) 

diffractions of cubic TiC (JCPDS No.65-8808), respectively. 

Analogously, the peaks located at 34.8°, 40.6°, 58.7°, 70.0°, 

and 73.7°, are corresponding to the (111), (200), (220) , 

(311), and (222) diffractions of cubic NbC (JCPDS No.65-

8784), respectively. Both diffraction peaks in XRD patterns 

of polycrystalline carbide products are broader than those of 

the standard diffraction patterns, suggestive of the relatively 

small crystalline sizes. Calculated based on Scherrer analyses, 

the average crystal sizes of TiC and NbC aerogels are about 

8.4 nm and 9.6 nm, respectively. With the consideration of 

morphology and crystallinity, the products are referred as 

nanocrystalline carbide (TiC and NbC) aerogels.  

 

Fig. 2 SEM images (a-c), EDS analyses (d, e) and XRD patterns (f) 

of C, TiC and NbC aerogels. 

The microstructures of TiC and NbC aerogels are further 

probed by SEM, TEM, and HRTEM measurements. Fig. 3a-c 

shows morphologic details of C, TiC and NbC aerogels, 

respectively. A continuous disorder network is observed in 

each sample, which is assembled by large amounts of 

nanoparticles with about 100 nm. The nanoparticles are the 

secondary particles, which are made of primary crystals. Both 

porous frameworks of TiC and NbC aerogels are well 

preserved after reaction, although the sizes of their secondary 

particles become slightly larger. The TEM image (Fig. 3d) of 

TiC aerogels shows that a randomly distributed nanoporous 

network is connected by many nanoparticles with each other, 

which is consistent with the observation of SEM images. 

Those nanoparticles are made of the primary crystals with the 

size of ~8 nm, as shown in the HRTEM image of TiC 

aerogels (Fig. 3e), in line with their XRD analyses. From the 

Fourier analysis (Fig. 3e inset) of the selected region in Fig 

3e, the spacing of lattice fringe of single crystal is measured 

to be around 0.25 nm, which is in a good agreement with the 

parameter (0.253 nm) of the (111) plane of cubic phase TiC. 

Several concentric diffraction rings made of scattered points 

are shown in the SAED patterns of TiC aerogels (Fig. 3f). 

Being consistent with the analytic results of the XRD pattern, 

they are indexed as the Miller indices [111], [200], [220] and 

[311] of the diamond cubic lattice of TiC, respectively. The 

similar results to the analyses of TiC aerogels are also 

obtained. The NbC aerogels maintain the openly porous 

structures (Fig. 3g), the crystalline size of which is about 9 

nm (Fig. 3h). Their SAED patterns are also indexed as the 

Miller indices [111], [200], [220] and [311] of the diamond 

cubic lattice of NbC, respectively. 
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Fig. 3 SEM images of C (a), TiC (b) and NbC (c) aerogels; TEM 

images (d, g), HRTEM images (e, h) and SAED patterns (f, i) of TiC 

and NbC aerogels. Insets: Fourier filtering images of details in (e) 

and (h).  

The surface and pore-size characterization of carbide 

aerogels is performed by nitrogen adsorption/desorption 

analysis. Both isotherms for TiC and NbC aerogels, as shown 

in Fig. 4a, show the details of the low-pressure and high-

pressure regions in which micropore and mesopore filling 

occurs, respectively. They reveal both H1 and H4 hysteresis 

loops (the International Union of Pure and Applied Chemistry 

classification), which are characteristic of an interconnected 

hierarchical pore system. As comparison, the isotherm of C 

aerogels mainly shows H1 hysteresis loops, suggestive of the 

presence of micropores. The TiC and NbC aerogels possess 

the BET specific surface area (SSA) as high as 265 and 159 

m2/g, respectively, which are larger than those of traditional 

porous TiC and NbC (<50 m2/g)15, 16. The comparison of 

characteristics of C, TiC and NbC aerogels is listed in Table 

1. Taking into consideration atomic weights of metal and 

carbon, the molar BET SSAs of TiC and NbC aerogels are 

calculated, which are comparable to that of carbon aerogels. 

Fig. 4b displays the data of pore size analysis from nitrogen 

adsorption by applying a nonlocal density functional theory 

(NLDFT). The pore size/volume distribution indicates that 

TiC and NbC aerogels are hierarchically porous and 

distinctive due to the existence of well-defined micropores 

and mesopores, which are corresponding with the observation 

of SEM and TEM images. Both porosities of TiC and NbC 

aerogels are close to that of carbon aerogels, although their 

micropore volumes become smaller. It should be explained 

that decomposition of Ti/Nb-iodine on carbon and the 

subsequent diffusion of carbon atoms into metal Ti/Nb brings 

the changes for aerogel frameworks, thus leads to the filling, 

compression and coalescence of micropores, as well as the 

formation of new mesopores. 

 

Fig. 4 Nitrogen adsorption/desorption isotherms (a) and pore size 

distribution (b) of C, TiC and NbC aerogels; Raman spectra of TiC 

(c) and NbC (d) aerogels. 

The unique spectroscopic properties of TiC and NbC 

aerogels are performed by Raman analyses. The Raman 

spectrum (Fig. 4c) of TiC aerogels shows three peaks near 

260, 412, and 615 cm-1, respectively, which are consistent 

with the reported results about TiC with defects17. In contrast, 

the bulk cubic TiC has no Raman active vibrational modes18. 

The presence of first order Raman scattering should be 

induced by the carbon vacancies, surface defects from TiC 

aerogels. Evidenced by the presence of D band and G band 

near 1350 and 1580 cm-1 from its Raman spectrum, 

respectively, a little signal of sp2 carbon in converted TiC 

could be related with the trace amounts of unreacted carbon 

or graphene-like carbon catalytically produced on TiC. 

Similar phenomenon is also observed in Raman spectrum 

(Fig. 4d) of NbC aerogels. The peaks at 257, 622, and 980 

cm-1 could be also contributed to the defect-induced first-

order Raman scattering from NbC aerogels19. In the indirect-

drive ICF experiments, energy losses of target materials, 

mainly induced by stimulated Raman/Brillouin scattering 

processes, must be effectively controlled to achieve the 

required radiation drive and symmetry20. Accordingly, the 

unique Raman scattering properties of TiC and NbC aerogels 

may be conducive to the direct scaling and control of the 

instabilities induced by those energy losses. 

Based on the theory of thermodynamics, metal Ti and Nb 

powders can react with iodine to form gaseous Ti-iodine and 

Nb-iodine complexes. Then, the complexes diffuse to the 

surface of carbon aerogel frameworks and homogeneously 

react with carbon to form carbides. The reaction could be 

described as the following equations:  
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Table 1 The related parameters with physical properties of C, TiC and NbC aerogels.  

Aerogels Bulk densitya 

(g����cm
-3) 

Skeletal densityb 

(g����cm
-3) 

BET specific 

surface area 

(m2g-1/m2mol-1) 

Micropore 

surface area 

(m2g-1/m2mol-1) 

Total Pore 

volume c (cm3g-1) 

Micropore 

volume (cm3g-1) 

Porosityd 

(vol%) 

C 0.13 2.11 1758/21096 1436/17232 2.65 0.59 93.84 

TiC 0.73 4.39 265/15876 136/8147 1.37 0.05 83.37 

NbC 1.35 6.54 159/16842 81/8580 0.81 0.03 79.36 

a: ρb is measured by weight method, average of 3 samples; b: ρs is obtained from helium pycnometry; c: Vtotal was calculated by the single-point adsorption 

method; d: Porosity is calculated via Π = 1 - ρb /ρs. 

Ti (Nb) (s) + 2I2 (s, g) ⇄ TiI4 (NbI4) (g)                 (1) 

TiI4 (NbI4) (g) + C (s) → TiC (NbC) (s) + 2I2 (s, g)        (2) 

Take TiC as an example, during the primary process, the 

reaction in equation (1) is exothermic and it is facile to the 

reaction of metal Ti with iodine at low temperature (~200 

°C). When the temperature climbs to a higher value (~400 

°C), the abundant gaseous TiI4 is liberated from Ti sources, 

and a reverse reaction could occur. The temperature gradient 

can drive to the transport of Ti species. At the higher 

temperature region (above 500 °C), the gaseous TiI4 can 

decompose into the deposited Ti on the surface of carbon 

particles. According to the available thermodynamic data21, 

both strand free energies for the formation of TiC and NbC 

are calculated to be negative (~ -170 and -130 kJ/mol), 

predicting a spontaneous reaction and sufficient driving force 

for the whole reaction process in equation (2). While the 

diffusion of carbon in metal carbide is much easier than that 

of metal, TiC layers should grow by the diffusion of carbon. 

The diffusion efficiency of carbon could be determined by 

temperature, according to a diffusion-controlled layer growth 

mechanism21. In order to confirm the effect of temperature on 

carbon diffusion, we conducted XRD characterization of 

products after reaction from 500 to 900 °C for 6h (Fig. S1†). 

An empirical lowest temperature about 550 °C is required for 

the successful conversion of the carbon aerogels, where TiC 

crystals are presented and their crystalline sizes increase with 

the rising temperature. At a certain temperature of carbon 

activation, the thickness (component) of TiC layers increases 

with the reaction time. While the signals of unreacted 

amorphous carbon are still detected from the XRD and TEM 

analyses of products, even if the reaction time is lengthened 

to 24h (Fig. S2†). Therefore, by rising the temperature to 

improve reaction rate of carbides, a TiC skeleton can be 

almost completely converted from carbon phases under the 

sustaining transport of the reactive Ti species (enough 

reaction time). Note that the unique nature of carbon aerogels 

is also facile to the primary formation and subsequent 

diffusion-limited uniform growth of carbide layers, such as 

the large exposed surface areas, nanometer grain sizes and 

high-density grain boundaries.  

 

Fig. 5 Electrocatalytic properties of TiC and NbC aerogels. Cyclic 

voltammograms (a), Nyquist plots (b), and Tafel polarization curves 

(c) of TiC, NbC, C aerogel and Pt catalysts for I3¯/I¯ species. J-V 

curves (d) for DSSCs with TiC, NbC, C and Pt CEs. 

Due to their highly efficient reduction of I3¯ to I¯ in the 

electrolyte, TiC and NbC catalysts have been proposed to 

replace the expensive Pt as counter electrodes (CEs) in dye-

sensitized solar cells (DSSCs)22.  To investigate their catalytic 

activities, cycle voltammograms (CV), Tafel polarization, and 

electrochemical impedance spectroscopy (EIS) of the 

synthesized TiC and NbC aerogels are measured for I3¯/I¯ 

species, respectively. Compared with those of NbC aerogels, 

the redox peaks of TiC aerogels at low potential (< 0.5 V) in 

their CV curves (Fig. 5a) exhibit a higher current density, 

even beyond those of Pt, which can be attributed to the redox 

reaction between I3¯ and I¯ species. In contrast, no obvious 

redox peaks are presented for C aerogels. Besides, the peak-

to-peak separation (∆Ep) for TiC aerogels is smaller than 

those for Pt and NbC, suggestive of their high charge transfer 

rate. These indicate that TiC aerogels have excellent catalytic 

activity. The Tafel curves (Fig. 5b) of TiC aerogels also 
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exhibit the large exchange current density (J0) comparable to 

that of Pt, suggestive of superior catalytic activity for I3¯ 

reduction. In contrast, the lower J0 for C aerogels indicates 

that C aerogels cannot outperform TiC and NbC aerogels for 

catalyzing I3¯ reduction. The Nyquist plot (Fig. 5c) of TiC 

aerogels shows a similar charge transfer resistance (Rct) to 

that of Pt, which is much lower than those of NbC and C 

aerogels (Fig. S3†). The low Rct of TiC aerogel electrode 

indicates their high J0, and the change tendency of Rct for all 

electrodes is generally in accordance with that of J0 presented 

in their Tafel curves. The photocurrent density-voltage (J-V) 

curves (Fig. 5d) for DSSCs with TiC, NbC, C aerogels and Pt 

CEs are also measured to evaluate the photovoltaic 

performance. The photovoltaic and electrochemical 

parameters for various electrodes are listed in supplementary 

Table S1. † The DSSCs with TiC CEs give a high power 

conversion (PCE) of 6.1%, which is comparable to that of 

DSSCs with a Pt CE and much higher than those of DSSCs 

with NbC (4.1%) and C (1.4%) aerogel CEs. The photovoltaic 

performance indicates the high catalytic activity of TiC 

aerogels as CEs for I3¯ reduction in DSSCs, which is in 

agreement with their CV, Tafel polarization and EIS results. 

In addition, the electrocatalytic properties (Fig. S4†) of TiC 

and NbC aerogel electrodes for hydrogen evolution reaction 

(HER) are also probed, since IV-VI transition metal carbides 

can be explored for electrochemical water splitting23. 

Surprisingly, the relatively low Tafel slop b (128 mV/dec) 

and onset potential η (290 mV) are achieved for TiC/C 

aerogel electrodes with enhanced electrocatalytic activity, 

although the relatively poor HER activities are obtained for 

TiC and NbC aerogel electrodes (b > 300 mV/dec; η > 400 

mV). It could be attributed to the synergetic effect between 

TiC and C catalysts23, which should be considered for 

developing new, low-cost, high-efficiency catalysts. 

Conclusions 

We have provided a low-temperature pseudomorphic 

synthesis strategy for preparing TiC and NbC aerogels from C 

templates (aerogels). Together with the unique structural 

nature of carbon aerogels, the temperature controlled 

transportation of volatile Ti- and Nb- iodine complexes and 

diffusion-limited layer growth play a key role in the 

successful conversion. The TiC and NbC aerogels retain the 

similar porous morphologies to the original templates, due to 

the low volatility of carbon and carbide solids during the 

reaction process. Unusually, they possess the higher BET 

surface areas and lower bulk densities than previous porous 

carbides, as well as the one-order Raman activities. In 

addition, more efforts have been also devoted to assemble the 

carbide aerogels into electrocatalytic electrodes and evaluate 

their application potential for DSSCs and HER. TiC aerogels 

show an excellent electrocatalytic activity for I3¯/I¯ species, 

which is comparable to Pt and outperform NbC and C 

aerogels. Based on the thermodynamic process of TiC and 

NbC aerogels, the proposed route might be used to prepare 

other carbide (e. g. WC, MoC) aerogels as economical, 

highly-active catalysts from carbon aerogels under the 

relatively milder conditions.  
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The low-temperature pseudomorphic transformation of nanocrystalline TiC (NbC) aerogels with 

high surface areas and elctrocatalytic activities is realized for DSSCs and HER. 
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