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such as high specific surface areas (SSA), 
ultra low density, and electric conduc-
tivity. Additionally, the synthesis of these 
materials allows the control over the 
morphology and gives the possibility of 
building up hybrid materials. These fea-
tures make them promising materials in 
emergent fields of applications, such as 
energy storage,[1,2] electrocatalysis,[3] desal-
ination,[4] bio-sensing,[5] and gasification 
gas cleaning.[6]

Synthesis of carbon aerogel from 
biopolymers (e.g., cellulose) offers impor-
tant advantages, since biomasses are inex-
pensive, biocompatible, abundant, and 
rich in functional groups (e.g., -OH,-C(O)
OH, -NH2). Furthermore, by means of its 
synthesis process (dissolution, gelation, 
and subsequent carbonization), carbon 

materials with a good balance in its electrochemical proper-
ties (i.e., energy and power density) can be achieved.[7] Another 
important advantage of carbon aerogels is their doping capacity. 
Carbon aerogels doped with various materials such as heter-
oatoms, nanocarbon, transition metals, and noble metals have 
been reported to extend their potential in different electrochem-
ical applications.[5,8,9]

Metal-doped organic or carbon aerogels can easily be pre-
pared via the addition of the metal precursor to the initial mix-
ture, ion-exchange, or reduction of the metal precursor on the 
organic or the carbon aerogel. However, the retention of the 
textural properties, the homogeneous distribution, and the 
anchoring of the metallic domains are still challenging.[9,10]

Noble metals in carbon-based materials have been inten-
sively investigated and found to be promising additives of 
electrode materials for supercapacitors. They can improve the 
specific capacitance, conductivity, as well as the chemical and 
thermal stability of the electrode materials.[11] Several carbon 
materials, such as single walled carbon nanotube,[12] graphene 
hydrogel,[13] carbon nano-onions,[14] multi-walled carbon nano-
tube (MWCNT),[15] and reduced graphene oxide[16] have shown 
an enhancement between 200% and 600% in their specific 
capacitances by means of doping with Ag, Au, or Pt. Palla-
dium is of great interest as dopant due to its high affinity for 
hydrogen and catalytic activity,[17] besides it is the most abun-
dant noble metal on the Earth and therefore the least expen-
sive among them. Consequently, it has been widely evaluated 
as an additive in carbonaceous materials[18] for catalysis[19–23] 
and hydrogen storage.[24] Pd nanoparticles (PdNPs) have also 
been assessed as active catalyst material in LiO2 batteries,  
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1. Introduction

Carbon aerogels (CAs) are 3D nanoporous carbon materials 
obtained from the carbonization of organic aerogels (or cryogels),  
which are prepared by the sol–gel polycondensation, either 
from organic monomers (e.g., melamine, resorcinol, formal-
dehyde), or from biomass-derived precursors (e.g., polysaccha-
rides, proteins, sugars). The development of these materials 
has had a growing interest because they have special properties, 
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demonstrating exceptional round-trip efficiency, specific capacity, 
and cycling stability.[25] Furthermore, carbon-based materials 
decorated with PdNPs do not show pseudocapacitive effect, 
however, the addition of PdNPs facilitates an enhancement in 
the electrical double layer capacitance by providing larger elec-
trochemically active surface areas for ions adsorption.[26,27] 
Additionally, Pd decorated conductive polymers have exhibited 
improvements related to cycle stability and rate capability.[28,29]

Due to the scarcity and high cost of noble metals, their 
integration with other sustainable and cheap materials is 
considered as one of the most attractive ways to optimize their 
properties and minimize their consumption. In this way, some 
materials based on this green approach have been studied and 
applied in different areas, such as cellulose-silver nanocompos-
ites with high antimicrobial activity for the application in the 
biomedical field,[30] magnetic Ag-Fe3O4 nanoparticles supported 
on cellulose microspheres for nanocatalytic applications,[31] 
silver nanoparticles immobilized on nanofibers of chitin,[32] 
silver nanoparticles-doped cellulose microgels for catalyzing 
and product separation,[33] polyaniline/silver cellulose nanofi-
brils aerogel for supercapacitors,[34] and cellulose nanofiber 
biotemplated palladium composite aerogels.[35]

However, to the best of our knowledge, there are solely few 
reports demonstrating the use of PdNPs in supercapacitors 
applications,[26–29] and there are no reports about using cellu-
lose as organic, cheap, and abundant precursor of Pd decorated 
carbon aerogels. Therefore, the present paper analyzes the elec-
trochemical and physicochemical properties of Pd-doped cel-
lulose carbon aerogels as a novel carbon-metal hybrid material 
obtained through cryogelation, which is a versatile tool for pre-
paring aerogels from different colloidal nanoparticles.[17,36–39] 
In this work, a different strategy compared to other previously 
reported syntheses of metal-doped carbon aerogels is used,[9] via 
dispersing the previously synthesized PdNPs in the cellulose 
solution, which is further processed to obtain Pd-doped carbon 
aerogels. Thus, Pd nanoparticles are synthesized and then they  
are dispersed in the cellulose dissolution prior to the cross-linking 
and carbonization process. The synthesized CAs were charac-
terized by their physicochemical properties through nitrogen 
adsorption isotherms, scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), XRD, Raman, and 
Fourier-transform infrared spectroscopy (FTIR). Furthermore, 
using a three electrode cell, electrochemical measurements  

were performed, in particular cyclic voltammetry (CV), galvano-
static charge/discharge (GCD), and electrochemical impedance 
spectroscopy (EIS). From these measurements, the capacitive 
behavior is characterized and a comparative analysis to evaluate 
the impact of Pd content on the physicochemical and electro-
chemical properties of the CAs is reported.

2. Results and Discussion

2.1. Physicochemical Characterization of Pd-Doped Carbon Aerogel

2.1.1. Pd-Doped Carbon Aerogel Synthesis

Figure  1 schematically represents the synthesis process of 
Pd-doped cellulose carbon aerogels and its essential parame-
ters. The retention of the textural properties, the homogeneous 
distribution of the metallic domains and the anchoring of the 
metal particles in the carbonaceous matrix are some of the 
challenges that have arisen in the development of this type of 
hybrid materials.

In our method, Pd nanoparticles are synthesized and then 
dispersed in cellulose dissolution in order to exploit the advan-
tage of the large specific surface area, strong polarity, and abun-
dance of hydroxyl groups in the diluted cellulose.[31,33] This 
facilitates the immobilization of Pd NPs in the hydrogel net-
work and then in the cellulose cryogel. Additionally, the incor-
poration and anchoring of the Pd particles prior to the thermal 
process lead to the retention of the textural properties (avoiding 
pores blocking). Furthermore, stability of Pd particles in the 
carbon matrix by means of the heteroatom functionalities 
derived from cellulose carbonization can be achieved.[10] In this 
way, Pd-doped cellulose carbon aerogels with well-dispersed 
metal domains in the carbon matrix are obtained to improve 
the capacitive properties of the cellulose carbon aerogel for its 
application in energy storage. The physicochemical and elec-
trochemical properties of the materials are discussed in detail 
in the following sections. DLS size distribution, zeta potential 
distribution, and TEM images of the synthesized Pd particles 
are also provided (see Figure S1, Supporting Information).

This synthetic pathway essentially differs from the previously 
reported methodologies, where metal-doped organic aerogels 
were prepared following three main strategies: i) addition of 

Figure 1.  Diagram of the synthesis process of Pd-doped cellulose carbon aerogels.
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the metal precursor to the initial mixture; ii) by ion-exchange; 
iii) by deposition of the metal precursor on the organic or the 
carbon aerogel (by incipient wetness, adsorption, sublimation, 
or supercritical deposition).[9]

2.1.2. Morphology and Textural Properties of the Aerogels

Figure  2a,b illustrates the pore size distribution (PSD) and 
N2 adsorption isotherms of the analyzed CAs, respectively. 
The pore size distribution and pore radius were determined 
using the quenched solid density functional theory (slit pore, 
QSDFT equilibrium model). Textural parameters obtained 
from N2 adsorption assays are summarized in Table 1. As iso-
therms show, nitrogen is adsorbed throughout the whole range 
of relative pressures, furthermore hysteresis loops are identi-
fied, which suggest that all the CAs developed a hierarchical 
pore structure with micro-, meso-, and macropores. Thus, the 
samples exhibit pseudo-type II isotherm with H3-type hyster-
esis loop according to the IUPAC classification. This type of 
isotherm is a composite of type II and type I isotherms, which 
is associated with the metastability of the adsorbed multilayer 

(and delayed capillary condensation) and is due to the low 
degree of pore curvature and non-rigidity of the structure.[40]

The obtained pore structures is the result not only of the 3D 
network characteristic of carbon aerogel from cellulose,[1] but 
also the physical activation with CO2.[20] This hierarchical pore 
structure is highly efficient for ions diffusion, since micropores 
offer a large surface area, mesopores provide low resistant path-
ways for the ions transport through the porous network, and 
macropores serve as ion-buffering reservoirs.[41]

Regarding the Pd content in CA-PdX (X according  to the Pd 
content, see table embedded in Figure 1), a low impact on the 
textural properties is observed. The specific surface area (SBET) 
of the sample CA-Blank is between 8% and 16% higher com-
pared to the CA-PdX, while the SBET of the CA-PdX differ within 
the range of measurement error (±5%). CA-Blank and CA-Pd80 
samples had the maximum N2 adsorption in the ultramicropore 
range and nearly the same total pore volume, suggesting that 
Pd particles have no negative effect over porosity development 
and pores size distribution. Ultramicropores are those pores 
whose diameters are smaller than 0.7 nm and they are espe-
cially important in carbonaceous materials applied to superca-
pacitor electrodes due to their ability to trap ions.[42,43] Samples 

Figure 2.  a) Pore size distributions and b) isotherms of CAs with different Pd contents.

Table 1.  Textural parameters of CAs with different Pd contents.

Parameter CA-Pd80 CA-Pd40 CA-Pd20 CA-Blank

SBET [m2 g−1] ± 5% 450 412 409 491

VPore [cc g−1] Total 0.330 0.367 0.337 0.339

Micro 0.185 0.169 0.170 0.203

Meso 0.185 0.232 0.201 0.189

VMicro/VTotal [%] 0.561 0.461 0.504 0.599

Half pore width [nm] 0.307 0.392 0.426 0.307
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containing Pd (CA-PdX) exhibit no prominent changes in the 
mesopore volumes, for this reason the PSD remains almost 
unchanged as seen in Figure 2a. Pore size distributions of the 
CA-based sample was also analyzed by Barrett–Joyner–Halenda 
(BJH) indicating the presence of meso- and macropores as well 
(Figure S2, Supporting Information).

SEM images of the analyzed samples are presented in 
Figure 3. At the micro-scale level, all the CAs show well devel-
oped porous structures with 3D network of interconnected 
sheets. This morphology is typical of carbonaceous materials 
derived from cellulose aerogels, since they inherit the inter-
connected architecture of their precursors,[1] which originates 
by dissolution and subsequent crosslinking of the cellulose in 

the sol–gel method.[44] As observed, CA-Blank presents open 
hierarchical porous structure highly meso/macroporous with 
pores in a wide range of sizes from 0.1 – 1 μm. The samples 
CA-PdX exhibit this same distinctive feature even at the higher 
Pd content, which confirms that Pd particles have no remark-
able effect on the microstructure of carbon aerogels. Addition-
ally, the images with higher resolution (Figure  3f–h) display 
uniform distribution of Pd particles embedded in the carbona-
ceous matrix. Distribution of Pd, C, and O in CA-PdX was eval-
uated by SEM-EDX mapping, the analyzed samples show that 
Pd particles are homogeneously distributed in the whole carbon 
matrix (see Figure 4). Additionally, inductively coupled plasma 
optical emission spectrometry (ICP-OES) measurements were 

Figure 3.  SEM images of a,e) CA-Blank, b,f) CA-Pd20, c,g) CA-Pd40, and d,h) CA-Pd80. The bottom row images correspond to the magnification of 
the region marked with a yellow circle in the top images.

Figure 4.  SEM-EDX elemental mapping of a) CA-Pd20, b) CA-Pd40, and c) CA-Pd80. The upper row images correspond to the scanned surface to 
obtain the shown maps.
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performed to determine the Pd loading in the aerogels, which 
were found to be 0.84 (± 0.01) wt%, 1.67 (± 0.02) wt%, and 4.89  
(± 0.05) wt% for the samples CA-Pd20, CA-Pd40, and CA-Pd80, 
respectively (see also as a table in Figure 1).

TEM and high-resolution TEM of the samples CA-Pd80 and 
CA-Blank are shown in Figure 5. Both samples exhibit amor-
phous carbon nanostructures with distributed graphitic islands, 
however, CA-Blank shows better growth and ordering of the 
graphite structure (Figure 5d). In contrast, the Pd-doped sample 
shows shorter and disordered graphite nanocrystals (Figure 5c), 
which suggest an effect of Pd particles on nanostructure of 
the carbon scaffold. Additionally, larger Pd domains can be 
observed, which might be the result of the activation process 
(see further TEM images in Figures  S3 and S4, Supporting 
Information).

2.1.3. XRD Patterns and Raman Spectra

The X-ray diffraction patterns of the analyzed CAs are shown 
in Figure 6a. The samples CA-PdX (X = 20, 40, 80) display four 
sharp reflections located at ≈ 40°, 46°, 68°, and 82°, which are 
attributed to {111}, {200}, {220}, and {311} crystalline planes of 
Pd.[25] The average sizes of the Pd particles in the doped aerogels 
were calculated from those reflections by using the Scherrer 
equation, and the values obtained are: 9.6, 9.7, and 7.0 nm for 
CA-Pd20, CA-Pd40, and CA-Pd80, respectively (see reflections 
parameters in Table S1, Supporting Information). Addition-
ally, two broad reflections were identified in the 2θ ranges of 
25°–35° and 40°–45°, which were also recognized in the profile 
of the cellulose cryogel precursor (see Figure  S5, Supporting 
Information). These could be attributed to a well-dispersed 
product remaining from the cellulose dissolution-crosslinking 
process with NaOH-urea solution, which is not degraded at the 

temperature of the thermal process. Consequently, it is not pos-
sible to draw a conclusion about the graphitic structure of the 
CAs from the X-ray diffraction, since the reflections of {002} 
and {100} planes of carbon matrix also appear in these same 
2θ ranges.

A third broad reflection can be observed around 15° which 
has already been identified in carbon aerogels from cellulose 
and it is related to the precursor.[6] This band has also been 
attributed to aliphatic chains bound to the edges of basal 
planes of the crystal structure.[45–47] A decrease in the intensity 
of this band is observed when the Pd content increases, sug-
gesting the influence of the metal on the decomposition of the 
aliphatic chains.

Raman spectroscopy is a powerful tool for characterizing the 
crystal structure of carbon materials and we utilized it to shed 
light on the ordering of the carbon aerogels (Figure  6b). Two 
intense bands attributed to vibrational modes involving sp2 - 
bonded carbon atoms belonging to disordered microcrystalline 
domains are identified: the so-called graphite band (G band) 
around 1580 cm−1 and the so-called disorder-induced band 
(D band) around 1350 cm−1.[48] The G band is ascribed to the 
Raman active E2g in-plane vibration mode, while the D band to 
the A1g mode, similar to an in-plane breathing mode.[49]

Some features of the Raman spectra can be used as direct 
markers the structural changes or graphitization degree of 
carbon materials, such as the wavenumber of the G band, 
the band width of the G and D bands, and the D/G intensi-
ties ratio (R). For instance, progressive carbon graphitization is 
accompanied by the displacement of the G band from 1600 to 
1580 cm−1.[50] The broadening of the G band is related to the 
disorder within the carbon sheet.[51] While the broadening of 
the D band correlates to a distribution of clusters with different 
orders and dimensions, the information about disorder can 
be extracted from the intensity of the peak.[52] The correlation 

Figure 5.  TEM and high-resolution TEM images of a,c) CA-Pd80 and b,d) CA-Blank .
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R = 1/La between the ratio of intensities of the two main bands 
in the Raman spectrum (R  = ID/IG) and the reciprocal of the 

crystallite size along graphite basal planes (1/La) provide a first 
approximation of La. [53,54] It means that R is increasing with 
decay of size of the perfect graphene units, as the disorder is 
growing and the D-mode is becoming more active. The Raman 
spectra of CAs were deconvoluted to G and D bands by using 
two Lorentzians on top of a linear background. The parameters 
obtained are summarized in Table  S2, Supporting Informa-
tion. The full width at half maximum (FWHM) of the G bands 
ranges from 81 to 85 cm−1. These values are higher than one 
reported for highly oriented pyrolytic graphite (15 – 23 cm−1), 
which indicates a low degree of crystalline order in the studied 
samples, especially in samples decorated with Pd. Additionally, 
from the obtained R values, an important structural change can 
be identified in the analyzed samples. The lateral sizes obtained 
from the Raman spectra reflect a decrease with increasing Pd 
content indicating that the growth of the sp2 carbon domains of 
the CA-PdX is affected by the metal content. Other, previously 
reported Pd decorated carbonaceous materials have shown the 
same trend in R. These found that the addition of nanometals 
within the carbon matrix decreases the degree of graphitization, 
since the graphitiferous carbon atoms used their π electrons to 
coordinate the nanometals.[18,20,25]

From the Raman analysis, it can be concluded that doping 
with Pd facilitates changes in the carbonaceous structure and 
decreases the degree of graphitization due to the reduction in 
the size of the graphite islands, which is in agreement with the 
TEM results.

2.1.4. FTIR Analysis

The FTIR spectra of the analyzed CAs and their corresponding 
cellulose aerogel precursors are presented in Figure  6c and 
Figure S6, Supporting Information, respectively. The thermal 
treatment that transforms cellulose aerogel into carbon aerogel 
alters the surface chemistry significantly. The disappearance  
of the broad band at 3000 – 3500 cm−1 is attributed to dehydra-
tion during the carbonization process.[55] Degradation of the 
oxygen functionalities is also observed, and the presence of 
the remaining oxygen groups is suggested by the broad band 
from 1000 to 1300 cm−1, which is ascribed to (O-H) bending 
vibrations and (C-O) stretching vibrations in hydroxyl, ester 
or ether.[56,57] Nevertheless, this broad band can also be associ-
ated with the (C-C) skeleton collective modes. The absorption 
band centred at 1580 cm−1 is due to the (C=C) vibrations of 
carbon atoms belonging to the sp2 rings, while the bands in 
the 875 – 750 cm−1 region are assigned to aromatic (C-H) out-
of-plane bending vibrations. The band at 1700 cm−1 reflects the 
(C=O) modes of carboxyl groups.[48] The CAs spectra exhib-
ited differences related to the Pd content. A notable reduction 
in IR signals is observed; the decrease of aromatic (C-H) out-
of-plane bending vibrations and the loss of (C=O) modes sug-
gests increasing aromaticity.[47,58] The bands related to oxygen 
groups become less prominent at higher Pd content, which 
suggests interactions between these groups and the Pd par-
ticles. The presence of oxygenated groups on the surface of 
the carbonaceous material, either from the oxygen-rich pre-
cursor (cellulose) or obtained during the oxidative thermal 
processes (activation), are essential in the immobilization of 

Figure 6.  a) XRD, b) Raman, and c) FTIR spectra of CAs with different 
Pd contents.
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the metallic domains in the carbon aerogels. This immobi-
lization occurs via coordinate bonds between the oxygenated 
groups (generally -OH or -COOH) and Pd.[10,20] In this way, 
the size decreasing of graphite crystals upon Pd particles 
loading is attributed to these coordinate bonds, which pre-
vent the growth of rigid sheets of connected aromatic rings 
through aromatic condensation.[18] The coordinate binding of 
the metal complexes was also evidenced by Raman spectros-
copy (see Figure  6b). Thus, the increase in the ID/IG inten-
sity ratio of the Pd-doped samples indicates a change in the 
hexagonal lattice structure of the carbon material by the Pd 
doping.[59]

The Pd contents in the CA-PdX samples were determined 
via ICP-OES. The Pd content, expressed as mass percentage, 
reached after thermal process are: 0.8, 1.7, and 4.9, for the sam-
ples CA-Pd20, CA-Pd40, and CA-Pd80, respectively, that prove 
the preservation of the added Pd content throughout the prepa-
ration process. Additional information is provided in Table S3, 
Supporting Information.

2.2. Electrochemical Characterization of Pd-Doped Carbon 
Aerogels

2.2.1. Cyclic Voltammetry

In order to study the potential of the Pd decorated CA as 
active material for electric double-layer capacitors (EDLC), 
cyclic voltammetry measurements were performed. From 
CV curves, numerous electrochemical properties, such as 
specific capacitance (Cs), rate capability, and cycle stability 
were extracted.

Figure  7a,b,d,e, presents the CV curves at different scan 
rates (s) for CA-Pd80, CA-Pd40, CA-Pd20, and CA-Blank, respec-
tively. All the cells exhibit rectangular CV curves, especially at 
low s, which is typical for EDLCs. Importantly, there is a promi-
nent increase in the voltammogram areas upon increasing Pd 
content. This suggests an enhancement in the electrical double 
layer capacitance, which can be attributed to the increase of 
electrochemically active surface areas for the ions adsorption 
provided by the Pd.[26,27] The Pd particles increase the conduc-
tivity of the carbon network enhancing the ion diffusion toward 
the ultramicropores. These pores are the most active in the 
charge storage, however, its exploitation depends on the con-
ductivity of the carbon matrix.[43] Consequently, the specific 
capacitance can be increased by the maximal utilization of the 
accessible area.

Figure  7c shows the variation of Cs related to the Pd con-
tent and scan rate indicating the improvement in capacitance, 
as well as in the rate capability. In all cells, the Cs decreases 
as s increases, since at low s electrolyte ions are able to diffuse 
toward the active sites of the electrode. Hence, higher s generates 
ohmic resistance and the electrolyte ions cannot diffuse com-
pletely. This effect is more remarkable in the cell without Pd, as 
shown the rate capability values of 14% , 30% , 40%, and 66% 
for the samples CA-Blank, CA-Pd20, CA-Pd40, and CA-Pd80, 
respectively, calculated using the Cs at 5 and 50 mV s−1.  
This directly implies that the Pd particles help reduce the ion 
diffusion resistance at high s allowing higher capacitance reten-
tion, which have a positive effect in the EDLC power density.

Figure 7f shows the evolution of Cs of the carbon aerogel elec-
trodes through 1000 cycles. The specific capacitance of CA-Pd40 
and CA-Pd80 cells still remains at 93% and 87%, respectively 
after 1000 cycles at 200 mV s −1, indicating high cyclic stability.

Figure 7.  CVs curves of carbon aerogel cells at different scan rates a) CA-Pd80, b) CA-Pd40, d) CA-Pd20, e) CA-Blank, c) specific capacitances from CVs 
areas, and f) cyclic stability of CA cells at 200 mV s−1.
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2.2.2. Galvanostatic Charge/Discharge

Figure 8a shows the GCD curves at 1 A  g−1 for the evaluated 
carbon aerogels. It is clearly visible, that all the CA cells show 
linear and symmetrical curves, characteristic of EDLC. CA-Pd80 
and CA-Pd40 exhibit longer charge and discharge time than 
CA-Pd20 and CA-Blank implying higher capacitance. Evolution 
of voltage drop shows interesting behavior upon increasing Pd 
content. In particular, the CA-Blank cell exhibits the sharpest 
voltage drop at the beginning of the discharge, which is the 
result of the limited mobility of the electrolyte ions in the 
electrode pores due to a lower diffusion. In contrast, CA-Pd80 
shows the smallest voltage drop and the most symmetrical 
GCD curve, which agrees with the findings described in the 
previous section. In Figure 8b, a smaller decrease in discharge 
times and a smaller increase in voltage drop can be observed 
for the Pd-doped samples, when a discharge current at 1 and 
2 A g−1 is applied. This indicates a significantly positive effect 
of Pd on power density, as well as the energy density: CA-Pd80 

aerogel exhibits 369 W  kg−1 power density and 8.2 Wh  kg−1 
energy density, which are 2.9-fold and 55-fold higher compared 
to those of the blank carbon aerogel.
Table 2 summarizes the parameters obtained from GCD: Δ t 

(discharge time, s), Δ V (potential window subtracting iRdrop, V),  
iRdrop (voltage drop, V), Cs (specific capacitance, F  g−1),  
E (energy density, Wh kg−1), and P (power density, W kg−1).

2.2.3. Electrochemical Impedance Spectroscopy

The frequency response of the studied CA cells was charac-
terized by means of EIS. Figure  8d,e shows the Nyquist plots 
obtained from the EIS experimental data. The obtained Nyquist 
diagrams exhibit the typical curve of an EDLC, which is char-
acterized by a semicircle in the high frequency region and a 
straight-line in the low frequency region.

Two resistances (Rs and Rct) can be extracted from Nyquist 
plots. Rs can be described as the bulk solution resistance and 

Figure 8.  GCD curves of a) CA cells at 1 A g−1 and b) CA-PdX cells at 1 and 2 A g−1. c) Admittance, d,e) Nyquist plots, and f) specific capacitance from 
EIS measurements of CA cells.

Table 2.  GCD parameters of CAs obtained at 1 A g−1.

Parameter Units CA-Pd80 CA-Pd40 CA-Pd20 CA-Blank

Δ t s 79.9 70.4 15.7 4.2

Δ Va) V 0.74 0.67 0.55 0.26

iRdrop V 0.06 0.13 0.25 0.54

Cs F g−1 108.2 104.9 28.8 16.2

E Wh kg−1 8.20 6.56 1.19 0.15

P W kg−1 369.3 335.5 272.8 129.3

a)Measured potential resolution: 300 nV (gain 1000)
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Rct as the charge transfer resistance, which in EDLC corre-
sponds to the sum of the electrolyte resistance in the porous 
structure of the electrode, the electrode resistance, and the 
contact resistance between the electrode and the current col-
lector.[60] The obtained Rs have similar values in all the studied 
cells, while Rct (equivalent to the semicircle diameter) shows 
prominent dependency on Pd content. Due to the increased 
carbon network conductivity upon increasing Pd content, 
CA-Pd80 cell exhibited the smallest Rct value. The straight line 
of the Nyquist plot in the low frequency region is an indica-
tion of the diffusive resistance behavior of the electrolyte in the 
electrode pores. A vertical line corresponds to an ideal EDLC 
behavior, therefore, the steeper the slope of the straight line, the 
better capacitive behavior. From the slopes of the straight lines 
of the Nyquist plots, a better capacitive behavior is observed in 
the samples decorated with Pd, since a more pronounced slope 
can be observed upon increasing Pd content.

Another important parameter can be analyzed from the EIS 
data: this is the knee frequency (fk), which is the highest fre-
quency at which the stored charge can be accessed. This cor-
responds to the transition point between the two semi-circles 
in the admittance plot (Figure 8c), and it is an indicator of the 
power capability of the cell.[61] The obtained fk for the samples 
CA-Blank, CA-Pd20, CA-Pd40, and CA-Pd80 are: 32, 40, 79, 
and 100 Hz, respectively. In Figure 8f, the specific capacitance 
from EIS measurements is plotted as function of the frequency. 
Higher Cs values can be observed for a given frequency at 
higher Pd content, which also highlights the positive effect of 
Pd on the electrochemical properties of the developed carbon 
aerogels from cellulose.

As a summary of this section, Pd plays a key role in the use 
of the available electrochemically active surface in the carbon 
aerogel. The interactions between the Pd domains and the 
carbon network modify the electrical properties of the support, 
improving the ion diffusion toward the smaller pores (ultrami-
cropores). These pores (with diameters diameters < 0.7 nm) are 
the most active sites in the charge storage; however, they are dif-
ficult to access. In this way, the increase in the global conduc-
tivity of the support by the Pd domains, leads to the effective 
use of these valuable sites. Thus, Pd doping of cellulose-based 
carbon aerogels shows manifold advantages, not solely due to 
the improvement of the specific capacitance, but also due to the 
increase in the power and energy densities via generating lower 
resistance charge transport pathways. It offers a novel material 
class (cellulose carbon aerogel) beside other Pd hybrid materials 
reported in the literature, such as MWCNTs/palladium-doped 
polyaniline,[29] nitrogen-doped graphene/palladium nanopar-
ticles/porous polyaniline,[28] Pd plasma surface functionalized 
carbon nanofibers,[26] and palladium nanoparticle–graphene.[27] 
Table S4, Supporting Information summarizes the main charac-
teristics of some carbon-noble metal hybrid materials applied in 
supercapacitors, while the comparison between the blank porous 
carbons can be seen in Table S5, Supporting Information.

3. Conclusions

Pd-doped cellulose carbon aerogels were synthesized with 
various Pd loading. By means of the implemented synthesis 

methodology, carbon aerogels with Pd domains homogene-
ously distributed throughout the carbonaceous matrix were 
obtained. From the evaluation of the physicochemical prop-
erties of these materials, it was found that the advantageous 
morphological properties of CA (high SBET, hierarchical pore 
structure) can be retained upon introducing Pd nanoparticles 
into the carbon network. It implies that Pd particles do not 
block the pores on the carbon backbone, and therefore do not 
hinder the transport in the hybrid carbon aerogels. The pres-
ence of oxygenated groups on the surface of the carbonaceous 
material, were essential in the immobilization of the metallic 
domains in the carbon aerogels. This immobilization occurs 
through coordination bonds between the oxygenated groups 
and Pd, which prevented the growth of rigid sheets of con-
nected aromatic rings. Thus, the crystalline properties of the 
carbon aerogel exhibited modification by Pd addition, since Pd 
particles facilitated the size decreasing of the graphite crystals 
and promoted structural disorder.

Beside the preservation of the advantageous textural prop-
erties, Pd-loading remarkably improved the electrical proper-
ties of the hybrid material. In this way, great enhancement in 
the specific capacitance, rate capability, and energy and power 
densities were observed. This is due to the improvement in the 
global conductivity of the carbon network upon increasing Pd 
load, which leads that the electrochemically active surface area 
can be utilized in an enhanced manner and a large decrease in 
the charge diffusion resistance. That makes this hybrid mate-
rial a promising candidate for energy storage applications.

4. Experimental Section
Synthesis of Pd Nanoparticles: Pd nanoparticles solution were 

synthesized following a previously reported method,[36,37] in which 0.051 g  
palladium (II) chloride (Sigma Aldrich, 99.999%) was dissolved in 10 mL 
37 wt% hydrochloric acid (Sigma Aldrich, reagent grade) with a molar 
ratio equal to 1:2 and heated until the solution is clear. Afterward it was 
diluted in boiling ultrapure water (18 MΩ cm) to reach a total volume 
of 500 mL. Then, keeping this solution at 80 °C and under continuous 
stirring, 11.6 mL of a 1 wt% trisodium citrate dihydrate solution was 
added. After 30 s, 5.5 mL of a 0.076 wt% icecold sodium borohydride 
solution was quickly added, and stirred for another 10 min. In order 
to obtain a Pd nanoparticles concentrated solution of 50 μg/μL, the 
previously obtained Pd NPs solution was ultrafiltered and subsequently 
centrifuged.

Synthesis of Pd-Doped Cellulose Aerogels: Pd-doped cellulose aerogels 
(CellA-PdX) were obtained following previously reported sol–gel 
method,[44] which was slightly modified, and subsequent freeze drying 
process. In this methodology, an aqueous solution of 7 wt% NaOH 
and 12 wt% Urea was prepared. Then, microcrystalline cellulose was 
added into the solvent system to 4 wt% cellulose concentration. This 
mixture was cooled down to −20°C and vigorously stirred to obtain a 
transparent cellulose solution. Afterward, under strong stirring 20, 40, 
and 80 μL of the PdNP concentrated solution (50 μg/μL) were injected 
in different cellulose batches (20 g each one) in order to prepare three 
Pd/cellulose dispersions with different Pd content. The Pd/cellulose 
dispersions were placed on plastic containers followed by the complete 
gelation in an oven at 50 °C. Then, the obtained Pd/cellulose hydrogels 
were washed with distilled water until reaching neutral pH. Finally, the 
washed hydrogels were frozen in a liquid nitrogen bath and freeze-dried 
during 24 h to obtain CellA-PdX, with X: 20, 40, and 80 according to the 
amount of Pd concentrated solution previously injected. Drying was 
carried out with a lyophilizer Christ Alpha LD 1-2 Plus at −50 °C under 
vacuum pressure of 0.05 mbar.
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Synthesis of Pd-Doped Cellulose Carbon Aerogels: To obtain CA-PdX, 
CellA-PdX were carbonized and subsequently subjected to physical 
activation. CellA-PdX were carbonized in a tube furnace under N2 
atmosphere with a heating rate of 5 °C min−1 up to 500 °C, which 
temperature was kept during the treatment (120 min). Afterward, 
the carbonized samples were subjected to a second thermal process 
under CO2 atmosphere (25 mL min−1 g−1 sample) with a heating rate 
of 3 °C min−1 up to 800 °C, keeping the temperature constant for 
60 min. This samples were identified as CA-PdX with X: 20, 40, and 
80 according to the CellA-PdX precursors. In order to study the Pd 
particles effect on the physicochemical and electrochemical properties 
of CAs, a sample without Pd NPs was prepared following the same 
procedure; this was identified as CA-Blank. A diagram of the synthesis 
process of cellulose carbon aerogels with different Pd contents is 
shown in Figure 1.

Physisorption Measurements: N2 adsorption measurements were 
performed with a Quantachrome Nova 3200e. Before the measurement, 
the monolithic CAs samples were degassed under vacuum for 24 h at 
200 °C. The N2 isotherms were used to estimate the textural properties 
by the software Quantachrome NovaWin. The specific surface areas 
were determined applying Brunauer Emmett Teller model, the total 
pore volumes were obtained by the Gurvich’s rule at P/P0= 0.99 and the 
meso- and micropore volumes by means of BJH and Horvath Kawazoe 
(HK), respectively. The pore size distributions and pore radius were 
determined using the quenched solid density functional theory (slit 
pore, QSDFT equilibrium model).

Scanning Electron Microscopy: The morphology of the CAs were 
studied by SEM using a JEOL JSM-6700F instrument equipped with a 
cold field emission gun electron source (operated at 2 kV for imaging 
and 10 kV for EDX). The elemental components of the Pd-doped carbon 
aerogels were analyzed by energy-dispersive X-ray spectroscopy (EDXS) 
with the software Oxford Instruments INCA 300. SEM samples were 
prepared by immobilizing pieces of CAs on conductive carbon tapes.

Transmission Electron Microscopy: The nanostructure of the CAs was 
studied by TEM and HRTEM with a FEI Tecnai G2 F20 TMP (operated at 
200 kV). TEM samples were prepared by brushing gently carbon coated 
copper grid (Quantifoil) on the surface of the CAs.

X-Ray Diffraction: X-ray diffraction patterns of the samples were 
obtained by means of Bruker AXS/D8 Advance diffractometer, it was 
operated at 20 °C, 40 kV, and 40 mA using CuKα radiation (λ = 0.15418 nm).  
Each measurement was done in a 2θ range from 10° and 90°, with a 
step size of 0.01°, and 12 s per step. For the analysis of the CAs, the 
monolithic samples were placed on X-ray amorphous PVC holders. The 
average Pd particle diameter (D) of the CA-PdX samples were calculated 
from {111}, {200}, {220}, and {311} reflections applying the Debye-
Scherrer equation,[62]

λ
β θ=D K

cos Bragg( )
	 (1)

where K is the shape factor (fixed to 0.9 according to the literature 
regarding Pd nanoparticles), λ is the wavelength of the radiation, b is 
the full width at half maximum (FWHM) calculated from the radian 
of the reflections, and θ is the corresponding reflection positions in 
radians. OriginPro 8.5 software was used for deconvolution of the 
diffractograms. Gaussian fitting was performed to find the reflection 
parameters (FWHM, reflection positions 2θ).

Raman Spectroscopy: Raman spectra were recorded using a Bruker 
Senterra Raman spectrometer equipped with an Olympus LMPIanFl 
N 50x lens with the FlexFocusTM system for confocal depth profiling 
and an ANDOR DU420-OE CCD camera with a thermoelectric cooling 
system. The green laser (λL  = 532 nm) is operated with a total power 
of 2 mW at a spectral resolution of 3 cm−1 to 5 cm−1. To analyze the 
CAs a small piece of monolith was deposited on a glass substrate. 
The spectra of CAs were deconvoluted to D and G bands by using two 
Lorentzians on top of linear background. The ratio of intensities of the D 
and G bands (R = ID/IG), their positions and FWHM, and the lateral size 
of the graphite crystallites (La) were reported. This last was estimated 

according to the so-called Knight formula,[51] considering a wavelength 
dependency of C, where C0 and C1 are: -126 Å and 0.033,[53] respectively 

λ=L
C

Ra
L( )

	 (2)

where,

λ λ≈ +C C CL L( ) 0 1 	 (3)

FTIR Spectroscopy: ATR-FTIR spectra of cellulose aerogels (CellAs) 
and CAs were recorded to characterize the surface chemistry. Powder 
samples were analyzed at room temperature using a Agilent Cary  
630 FTIR spectrometer equipped with a diamond attenuated total 
reflectance (ATR) sampling accessory between 4000 and 630 cm−1 at a 
resolution of 2 cm−1.

ICP-OES Analysis: The measurement of the Pd content in CA-PdX 
samples was done with a ICP-OES O-IDC 6057 Vista AXCOD from 
varian on the element specific wavelengths, standard deviations are  
listed in the Table S4, Supporting Information. The calibration was 
done with a set of solutions having 0 – 4.0 mg L−1 concentrations in  
0.5 mg L−1 steps.

Preparation of Coated Electrodes: Conductive indium tin oxide 
coated glass slides (ITO glass) were used as substrates of the CAs 
working electrodes. CAs were immobilized on them by dropcasting 
a slurry of each CAs (CA-Blank, CA-Pd20, CA-Pd40, and CA-Pd80) and 
polyvinylidene fluoride in dimethyl sulfoxide (PVDF/DMSO) and drying 
it overnight at 80 °C and 20 mbar in a vacuum oven. The slurry was 
prepared by crushing CAs in a mortar and then mixing with PVDF/
DMSO, the ratio of CAs and PVDF in the slurry was 1:0.05. A self-built 
three electrode cell,[63] was used to evaluate the capacitive behavior of 
the CAs. A platinum wire, a Ag/AgCl electrode (3 m NaCl, purchased 
from BASi), the CAs coated electrode, and KOH (6 m) were used as 
counter, reference, working electrode, and electrolyte, respectively.

Cyclic Voltammetry: CV was performed with a Potentiostat/ 
Galvanostat Metrohm Autolab PGSTA T204. CV curves were measured 
in a potential window between −1.0 and −0.2 V (vs Ag/AgCl) with 
a scan rate of 1, 5, 50, 100, or 200 mV s−1. The specific capacitance 
obtained from CV (Cscv, F g−1) was calculated from the integrated 
area under the CV curve (∫Idv, A  V), the voltage window (ΔV, V),  
the scan rate (s, V s−1), and the mass of the electroactive materials in the 
electrode (m, g) as follows,[27,28]

= ∫
∆C Idv

V s mcvs 	 (4)

Galvanostatic Charge/Discharge: The GCD measurements were 
performed with a discharge current of 1 and 2 A g−1. The specific 
capacitances obtained from GCD data (Cs, F g−1) of the analyzed 
samples were calculated from the discharge current I (A), the discharge 
time Δt (s), the mass of the electroactive materials in the electrodes m 
(g), and the potential window ΔV (V) subtracting iRdrop, as follows,[27]

= ∆
∆C

I t
m V

s 	 (5)

Additionally, energy density (E, Wh kg−1), and power density  
(P, W kg−1) of the characterized CAs cells were calculated as shown 
below,[27,29]

= ∆ = ∆
1
2

s ( ) ,2E C V P
E
t

	 (6)

Electrochemical Impedance Spectroscopy: EIS was done with a Modulab 
XM ECS potentiostat from Solatron. The measurements were performed 
by applying an amplitude of 10 mV in the frequency range from 0.1 Hz 
to 100 kHz. For the analysis of EIS data, the admittance were calculated 
as follows,[61,64]

   

= = ′ − ′′A
Z

A Z
Z

j Z
Z

1 , ,2 2 	 (7)
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where Z′ is the real impedance, Z″ is the imaginary impedance, and 
‖Z‖ is the impedance module. In addition, the corresponding real and 
imaginary admittances were calculated as Z′/‖Z‖2 = Y′ and −Z″/‖Z‖2 = Y″.  
The specific capacitance from EIS data was determined as follows,[65]

π= − ′′C
f Z m

s 1
2eis 	 (8)

where f is the frequency (Hz) and m is the mass of the electroactive 
materials in the electrodes (g).
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