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Significant effort is currently being made to develop novel, environmentally friendly, inexpensive,

and lightweight energy storage devices,™ which are much in demand in a number of areas such as

t

3

[2-4]

wearable “electronics, automobiles, handheld devices, and power grids. Compared to

rechargea , supercapacitors have several advantages and a few disadvantages. They

have higq'n power densities, are more environmentally friendly, but have lower energy densities.

£

Their energy densities can be improved through integrating a pseudocapacitive material that stores

C

charge via reactions. Pseudocapacitive materials, such as intrinsically conducting polymers

(ICPs) inclugling/pdlypyrrole, polythiophene, and polyaniline (PANI), are highly attractive because of

$

t.1%

their high | gravimetric capacitance (400-750 F/g), sustainability, and relatively low cos

U

By integra within a carbon matrix, charge storage capacity can be improved significantly,

since the réyersible electrochemical reactions within ICPs store additional charge. The carbon matrix

)

provides ctive network for continuous ion percolation and the ICP offers high

d

(5, 6]

pseudocapatit . However, supercapacitors utilizing ICPs exhibit poor cycle stability mainly

due to thic er coatings, which swell and contract substantially on charge and discharge cycles,

V]

ical degradation.” Another major drawback of the polymer integration is an

leading

uncontrolled formation of polymer aggregates during synthesis, which makes manufacturing of thin,

f

uniform and conformal coatings difficult. Recently, advances have been made to integrate ICPs in

supercapa address these concerns by utilizing nanostructured polymer materials, via

carbon-po posite devices such as polymer coatings onto carbon nanotubes (CNTs),m and

I

by integrating irectly onto conductive carbons, between graphene Iayers,[8] or between MXene

Iayers.[9

ut

A
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Current methods for coating polymers onto carbon substrates such as chemical bath

[12]

deposition,“O] eIectrodeposition,[”] and casting from suspension'™ are unable to coat uniformly and

pit

conformall icroporous (< 2 nm) carbon electrodes throughout the entire electrode thickness,
typically 1 out blocking pore accessibility to ions'. High pore aspect (length-to-width)

ratio (>10,000), tortuous pore structure, liquid surface tension, solution viscosity, poor wettability,

[

and solute steric hindrance make conformal coatings nearly impossible. Furthermore, poor solubility
of ICPs in on solvents such as tetrahydrofuran, dimethylformamide, chloroform, and

methanol, fwhiich Bis due to their rigid backbone structure, limits processability. Also, for

SC

electroche osition, the need for a conductive substrate limits broad utility significantly.

U

Overcomin challenges can lead to substantially more use of ICPs in power storage. Ultrathin

uniform c@nformal coating of microporous carbon electrodes can improve significantly the

N

performan -integrated supercapacitors, since a highly-porous electrode with a 1-2 nm

d

ultrathin untfo onformal polymer coating has several appealing features. First, it maintains the

rapid mov of ions through the pores during charge/discharge reactions, preserving the

[13]

electro

Second, due to the added faradaic redox

M

uble layer capacitance (EDLC).

reactions, the ICP coating can add pseudocapacitance charge storage. Third, the ICP in the

r

nanometer-thin film will be accessible to the electrolyte and will be electrochemically active. These

features i e gravimetric and volumetric capacitance, and the energy density, because a 1-2

i‘

nm coatin es the device volume and mass very little.®! Fourth, ultrathin coatings do not

N

swell or contract significantly during cycling and are able to respond to stress better than thicker

t

coatings, | better cyclability.” Fifth, thin films on conducting substrates can be used in high

U

power app , as they can undergo oxidation and reduction at very high rates.”

A
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This work demonstrates that the current challenges in depositing ICPs onto porous carbon
electrodes can be overcome and devices with improved electrochemical performance can be
designeMxidative chemical vapor deposition (0CVD). We deposit a 1-2 nm thin film of PANI
onto carbi arbon (CDC) electrodes by oCVD, and then demonstrate improved device
perform-animxcellent cyclability. To our knowledge, this is the first reported synthesis of PANI

by oCVD. ;ifZC:DC, which has a bimodal pore size distribution, is used to test the conformity and

uniformity er films because this material has a controlled pore size distribution in the

nanometew‘xd a high specific surface area (SSA).™ Due to its mix of micro-meso porosity,

Mo,C-CDC odel system—provides understanding of how the PANI film from oCVD coats
different p s and whether the size of the pore has an effect on the oCVD PANI integration.™
CDCs are slso advantageous in that their pore size can be tuned by adjusting synthesis

temperatu as certain CDCs have multimodal pore size distributions, they are excellent for

studying depos of coatings into pores of different sizes.

oCVD j mple, single step, solvent-free polymerization and coating technique, which has

been shown to deposit conformal coatings thinner than 5 nm onto complex nanostructures,™”
flexible su!trates, and within porous scaffolds.™ oCVD polymerization mimics the oxidative step-
growth poQtion that has been used widely to grow conducting polymers, where the
combinatio onomer and oxidant leads to a polymer thin film. oCVD involves surface
polymerizaion, which facilitates conformal and uniform coatings.™® The ability of oCVD to

overcon“‘nmon challenges of solution deposition in solar cells has already been

demonstrateE.: ’ SZO} Conducting polymer coatings of poly(3,4-ethylenedioxythiophene) (PEDOT),

polythiophene IPf and polypyrrole have been synthesized using ocvD."™ our previous use of

This article is protected by copyright. All rights reserved.
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oCVD to create ultrathin coatings of PT showed that oCVD is able to deposit highly conformal and
uniform coatings within porous nanostructures, such as anodized aluminum oxide, mesoporous
titaniumwnd activated carbon.'””! The PT-coated activated carbon supercapacitor showed
improved ith only a 10% decrease in capacitance after 5,000 cycles along with a 50%
improve-minravimetric capacitance, and a 250% increase in volumetric capacitance, compared
to bare activated.carbon."”? The improvement was primarily due to the ultrathin coatings retaining

the pore st of the carbon, which maintained the EDLC, and incorporating simultaneously the

redox reawme polymer provided additional charge storage and an increase in the double

layer capa:m to nanoconfinement.!*”’

PAﬁeal candidate for supercapacitors because it has many beneficial properties such
as high el nductivity, high theoretical capacitance (55% higher than PT),"™ relatively low
material c@reater stability than most other ICPs.2! So, the successful integration of ultrathin

PANI coati i
energy densigg

relevant in many non-energy-related applications such as non-volatile memory and actuators, and

arbon materials can aid in overcoming current device limitations such as lower

upercapacitors, compared to batteries. Furthermore, the PANI integration is

benefits ot!er fields such as membrane separations and catalysis. In this work, we are realizing the
strategies by Lukatskaya, Dunn, and Gogotsim] to improve both the energy and power
densities o rochemical capacitors by integrating PANI into a porous CDC electrode. As
mentione&efore, the oCVD deposition method provides better experimental control (e.g., coating
thicknesM loading, etc.) for fabricating carbon/polyaniline devices”® ** than current

sqution-baseE mShods. Moreover, oCVD is scalable to high throughput roll-to-roll processing for

commercializatiE:

This article is protected by copyright. All rights reserved.
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Figure 1 illustrates the oCVD process for PANI synthesis and integration. The aniline
monomer and antimony pentachloride (SbCls) oxidant are vaporized and continuously fed into the
reactionHNitrogen gas is used as an inert carrier to help transport the oxidant and as a
diluent to tion kinetics. After entering the chamber, the oxidant and monomer diffuse
into the‘poﬁ!esoe carbon electrodes, adsorb onto the pore surfaces, and form PANI on CDC via an

oxidative polymerization mechanism. After the film is deposited, it is washed with tetrahydrofuran

C

(THF) to r the oxidant.™” Details of the experimental procedure are available in the

Supportingiinf@rmation.

$

Among ICBs, PANI is unique because it can exist in three different oxidation states. The fully

Gl

oxidized p line state is composed fully of quinoid groups (N1 in Figure 1). At the other

1

extreme, t reduced leucoemeraldine state is composed fully of benzenoid groups (N2 in

Figure 1). If b n, the partially oxidized emeraldine form is composed of a 1:1 ratio of benzenoid

d

and qui The emeraldine state is desired from an electrochemical standpoint, because its

electrical con ity is 10 orders of magnitude greater compared with the other two states.!””

Therefore, tor electrochemical applications, it is essential to deposit emeraldine PANI via oCVD, and
we use FTs, XPS, and UV-vis to verify PANI formation. To quantify the formation of emeraldine
PANI, FTIR was performed on polymer films deposited onto silicon wafers via oCVD (Figure
2a). Silicon were selected because they are IR transparent. For FTIR, films of approximately
250 nm w£ analyzed, as determined by SEM, which also showed the films were dense and uniform
(SupporMation Figure S1). The lack of peaks at 749 and 688 cm™ in the PANI spectrum
indicates t@lm is void of oligomers and short chain aniline units, more representative of the

monomer (see Sugporting Information for a detailed discussion of the aniline monomer peaks). In

This article is protected by copyright. All rights reserved.
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addition, many of the peaks in the polymer spectrum indicate the formation of PANI. The peak

around 1160 cm™ is attributed to N=Q=N (Q=quinoid ring) and to aromatic C-H in-plane deformation,

t

P

suggesting the_formation of PANL® A sharp peak at around 1148 cm™ corresponds to —NH'=

vibrations ]

he peaks around 3000-3100 cm™ are due to C—H stretching on the aromatic
ring and > groups.”” Furthermore, the band around 3304 cm™ corresponds to free N-H

symmetric siretching. Also, the peak at 825 cm™ is consistent with high molecular weight PANI due

cr

to p-disub and confirms para-coupling of the constitutive aniline units.”® % The spectrum
also indicate that the film is in the undoped state since the transition from undoped to doped states

would blu e 825 and 1160 cm™ peaks by 30 and 54 cm™, respectively.”® The vibration

Uus

around 15 represents the quinoid ring, and the 1510 cm™ vibration is due to the benzenoid

ring.BO] Thélpresence of both 1510 and 1588 cm™ peaks implies that both amine (N—C) and imine

1

(N=C) unit tively, exist within the polymer chains. Quantitatively, the ratio of the peak

d

intensity at "to that at 1510 cm™ has a value of 0.87, suggesting that most of the polymer is

in the em form with slightly more benzenoid groups than quinoid groups.®" This is

M

ak at 1315 cm™ which is due to C—H stretching of the secondary aromatic amine

suppor

and suggests the formation of the emeraldine PANI.?® The presence of emeraldine PANI is further

{

supported by the green color of the PANI film, which is uniformly deposited via oCVD on a glass slide

(Figure 2b

O

UWRvis analysis (Figure 2b) indicates that the PANI film is in the undoped state, as suggested

4

by the ped PANI typically contains three absorption peaks located in the range of 306-

{

324, 402-413, and§820-835 nm, corresponding to the benzenoid ring n-n*, polaron-n*, and m-polaron

Ul

transitions, resp ‘ver.lZS' 3132 The precise location of each peak depends on synthesis conditions

A

This article is protected by copyright. All rights reserved.

7



WILEY-VCH

during deposition and the dopant used. In contrast, the oCVD PANI film contains only the two peaks
centered around 314 and 434 nm. In general, the 820-835 nm peak provides a measure of the level
of dopingitHn and its absence indicates that the oxidant, antimony pentachloride, which also
acts as tha not present in the oCVD PANI film, corroborating the FTIR results. This is
attributgd @Jst—deposition washing step that removes the dopant, which has also been done

[19]

previously D PEDOT and PT to improve performance.

far o

X-ray phatoelectron spectroscopy (XPS) was used to investigate and quantify PANI film
chemistry I to determine its oxidation state and doping level. As seen in Figure 2c, the N1s
region can be resived into three separate nitrogen bonding environments (corresponding to N1,
N2, N3 in E). Previous XPS work on PANI®* 3 have shown that N1 is the neutral imine

nitrogen a with the PANI quinoid groups, N2 is the neutral amine nitrogen in PANI

benzenoid@nd N3 is a more positively charged nitrogen group found in PANI. Also shown in

Figure f oCVD PANI can likewise be resolved into three separate carbon environments.
The lowest bindigg energy C1 peak corresponds to C—C and C—H bonds, the C2 peak corresponds to
carbon bonded to neutral nitrogens such as N1 and N2, and the C3 peak corresponds to the C—N

bond of N! Since N1 and N2 correspond to quinoid and benzenoid groups, respectively, one can

estimate t)@ion state by taking the ratio of the different nitrogen states: (N1+N3)/Now.=" For

emeraldine Pthis value should be 0.50. The oCVD PANI film has a ratio of 0.496, which suggests
that most ‘the film is in the emeraldine state and provides more quantitative support of the FTIR
anaIysisMpositions and atomic percentage values for the fitted peaks, which validate the

formation or emSIdine PANI, are summarized in Table 1.%*3% Based on the stoichiometry of the

chemical structut shown in Figure 1, the ratio of C1 to (C2+C3) should be 2:1 for para coupling,

This article is protected by copyright. All rights reserved.
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since C1 carbons are those not bonded to nitrogen. For oCVD PANI, the calculated ratio is smaller, at
1.72:1, primarily from a higher than expected C2 peak intensity compared to that predicted by the
N1s XPSHrom theory. Based on previous work on polypyrrole and polyaniline, it has been
proposed rbon impurities on sample surfaces due to atmospheric exposure can affect
the C—I\Fo mgty more than that of the C—C bond, which may account for the higher C2 value
and lower C1/(C2+C3) ratio.?**! Finally, the CI2p and Sb5d signals indicate that 1.24 and 0.34 at% of
chlorine a ony, respectively, are present. This reflects a very low amount of antimony

pentachlom—v the film after washing in THF, corroborating the UV-vis and FTIR analysis that

washing rejarly all the oxidant.

PA then deposited into Mo,C-CDC electrodes and an asymmetric device was
fabricated over-capacitive activated-carbon counter electrode, an Ag/AgCl reference
electrode, mzsm as an electrolyte. The working electrode was either PANI-coated Mo,C-CDC

CDC. The performance of these supercapacitors was then compared. Figure 3

shows the res f these tests, including a comparison of multiple scan rates for bare CDC (Figure
3a) and PANI-CDC (Figure 3b). Figure 3a depicts EDLC behavior of the bare CDC material, which is
more resis&e than other carbon materials due to the lower conductivity of the material. These
performan provide a baseline for measuring the improvement caused by the oCVD PANI
coating. Th etric capacitance values of the bare CDC are between 70 to 17 F/g depending on
scan rate. Sifferent CDC materials have different electrochemical performances, and this baseline

perform“dence that Mo,C-CDC as an electrode material is not as conductive as other

porous materla!s.jhis is clear by the narrow shape of the CV curve for the bare CDC in aqueous

electrolyte (Figufa). It also has a moderate SSA (530 m?/g), hence showing a lower performance

This article is protected by copyright. All rights reserved.
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compared to TiC-CDC.** %! From the second plot, there is a significant increase in the gravimetric
capacitance of the PANI-coated CDC device (11 wt% of PANI in the CDC electrode), which varies
betweer#F/g for scan rates between 5 and 500 mV/s. The oCVD PANI integrated
supercapa specific capacitance more than twice that of bare CDC ones (136 F/g for 11
wt% of%ﬁme CDC electrode vs. 60 F/g for bare CDC at 10 mV/s). This gives a PANI-only

gravimetri@ance of 690 F/g, very close to the theoretical limit of 750 F/g.[S] Further, the

volumetric nce increased by 5.2 times (from 18 to 96 F/cm?), assuming there is negligible

increase infgedmetlic volume with the ultrathin PANI coatings. The increase in capacitance is due to

[37] causing a large increase in

a faradaic action that occurs between PANI and protons,
current a eaks in the CV curve. Even at a high scan rate of 100 mV/s, the added
pseudocapgitance from the PANI coating is still evident. Figure 3c shows the two devices at a single
scan rate m/s on a common capacitance scale. It provides a clearer comparison and again

shows that NI coating not only adds a pseudocapacitive behavior to the device but also
decreases trode resistance and increases the total capacitance, evidenced by the increase in
the rec lope compared to the bare CDC.

To!ain a better understanding of the significant increase in gravimetric capacitance, and to
understan icroscopic changes were taking place within the electrode due to the PANI
coating, N, n measurements were done along with scanning electron microscopy (SEM). The
surface ar€a, pore size distribution, and pore volume were characterized by nitrogen sorption

experiments, and the nitrogen adsorption-desorption isotherms (Supporting Information Figure S2)
|

of both CDC and PANI-CDC films exhibited a type IV isotherm with a hysteresis, indicating micro-

)

meso porosity. The hysteresis associated with PANI-CDC was slightly widened presumably as a result

This article is protected by copyright. All rights reserved.
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of the PANI coating on CDC which may be due to a change in mesopore shape.[38] The CDC film

exhibited a SSA of 530 m%/g, which was reduced to 470 m?*/g after PANI coating. The slight decrease

t

D

in SSA is st likely due to the PANI deposition, which coats and fills some pores. In contrast to
solution-b ches,® which typically decrease the surface area by 90%, oCVD coating
decreasEd € slightly, which is critical for charge storage applications and improving energy

density without oss in power density. For instance, previous work on coating a pseudocapacitive

material o

Cri

ne oxide sheets showed a decrease of SSA from 334 to 43 mz/g.[‘m] Furthermore,

pore widthg ofSthdBPANI-CDC electrode were similar to the pristine CDC’s pore widths of 0.81, 1.68

$

and 3.38 n 4a). Therefore, the pore geometry was retained during the coating process and

4

the fabricated PANI-CDC film yielded high SSA, bimodal porosity, and open pore structure required

l

for high charge storage capacitance. Also, the pore size distribution (Figure 4a) indicates that most

PANI mole re uniformly deposited in the pores, retaining the mixed porosity network for
rapid charge/ arge and implying the coatings are extremely thin, on the order of a few

nanomete based on TEM (Supporting Information Figure S3). To inspect the morphology of

Vi

the coatings, top-down and cross-sectional SEM was performed on the samples. As seen in Figure

4c, PANI conformally coats the electrode and adds a unique porous morphology with pores between

r

5-50 nm in diameter that is not seen in the uncoated CDC (Figure 4b). In addition, it seems that

some PAN déposited on the surface of the electrode or between CDC grains, improving the

electrical etween the grains and with the current collector. Figure 4e shows the cross-

section of the which has an increased surface roughness within the electrode (Figure 4e inset)

th

compared CDC (Figure 4d and inset). Since the pore-size distribution was maintained, this

U

underpins PANI-CDC device maintained a high capacitance. The PANI coating improved the

A
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conductivity of the device (the pure carbon electrode was fairly resistive), leading to a more

rectangular CV with greater capacitance. This may explain the increase in the CV envelope. As

expected, ti nhanced capacity is sensitive to PANI loading in the CDC electrodes (Supporting
Informatio . For example, a CDC electrode fabricated with a lower PANI loading of 9 wt%

(compa%dm wt%) shows a similar increase in EDLC over bare CDC, attributed to the porous
morphology,, but a decrease in the redox peaks due to less PANI contributing to the faradaic
pseudocapaei . At a much higher PANI loading of 25 wt% (compared with 11 wt%), instead of
increasing mjing, the sharp redox peaks decrease. This may be due to transport limitations
that limit utilization of thicker PANI at higher loading. Previous work by our group on
polythioph on supercapacitors has shown that there is an optimal polymer loading which

provides tg best synergy between faradaic redox reactions of the polymer and the double layer

ca pacitancmlectrode.“”

f scan rate can be seen clearly in Figure 3d, where the performance of both

ith scan rate. However, the PANI-coated electrode is notably better at retaining

the capacitance, showing a shallower drop as the rate is increased, which can be due to the
increased (!nductivity and the added redox capacitance, occurring at all rates caused by oCVD PANI.
Electroche edance spectroscopy results (Supporting Information Figure S5) validates that
the resistan in the electrode was reduced by the oCVD PANI coating. This is very promising for

high-powe!applications. The unique porous structure and ultrathin coating may facilitate the

transpowroughout the electrode since thin polymer coatings were shown to perform very

well in higE p05 applications.” As shown through galvanostatic charge-discharge (Supporting

Information, Fii: S6), the CDC-PANI electrodes exhibit little IR drop and have good coulombic

This article is protected by copyright. All rights reserved.
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efficiency. At a current density of 5, 10, and 50 A/g, the IR drop was 6.7, 13.3, and 66.9 mV, and the
columbic efficiency was 77.8%, 73.5%, and 67.2%, respectively. The equivalent series resistance of
the PANMonIy 0.52 Q. Finally, a typical disadvantage of PANI coating in electrochemical
devices is degradation over cycling due to thick coatings swelling and contracting.
Typicall% c?!nucmg polymers begin to degrade under 1000 cycles due to changes in their physical

1

chanical failure.®

structure that isycaused by the repeated counter ion insertion and de-insertion causing changes in
volume a

For example, electrodeposited PANI on carbonized
polyacrylofiitrilé adrogel electrodes lost 15.3% of the initial capacitance after only 200 cycles.”” To

examine t:le improvement of depositing oCVD PANI, the cycle life of both the bare and

PANI-coat odes was tested over 10,000 cycles at a current density of 2 A/g (Figure 3e). The

bare CDC !howed no change in capacitance over the 10,000 cycles, which was expected as

traditional acitor electrodes boast millions of cycles before failure®®. This long cycle life is
ic

due to a ph
hand, the oated electrodes revealed a higher capacitance due to the pseudocapacitive
contrib PANI. In addition, after a minor drop in capacitance after the first few cycles, the

performance of the PANI supercapacitor remains stable over the 10,000 cycles, dropping to only

sorption mechanism that does not chemically modify the electrode. On the other

90% of the |n|!|a| stabilized value (~100 F/g). This suggests that the PANI coating is not only
beneficial @ ing the overall capacitance, but can maintain this high capacitance over many
charge-dis cles. Even after 10,000 cycles, the PANI-CDC device exhibited a 1.8 times greater

capacitance than the bare CDC electrode.

In tEls §k, we demonstrated that charge storage capacity of porous carbon can be

improved signifi:tly through the integration of nanometer-thin PANI films into CDC electrodes

This article is protected by copyright. All rights reserved.
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with a bimodal (micro/mesoporous) pore size distribution using the single-step oCVD process. To our
knowledge, this work is the first reported synthesis of PANI via oCVD on different substrates. The
oCVD pwws for the integration of PANI into pores as small as 1.7 nm, and CDC/PANI
electrodes imetric capacitance more than twice that of bare CDC (136 F/g for 11 wt% of
PANI in%h‘wselectrode vs. 60 F/g for bare Mo,C-CDC at 10 mV/s). This yields a PANI-only

gravimetric Epj:’tance of ~690 F/g, which is close to the theoretical value of 750 F/g.”! The coating

preserves e extent the native electrode surface area and pore size distribution, while
simuItanec%oving capacitance due to the faradaic redox reactions of PANI. Even at high scan
rates of omV/s, the added pseudocapacitance from PANI remained evident. The composite

electrode good cyclability, decreasing to 90% of the initially value (~100 F/g) after 10,000
cycles. Th@remarkable improvements in electrochemical performance can be attributed to the

major adv of using oCVD, which provides much finer control over film properties and

thickness. THis in fabricating supercapacitors with ultrathin PANI coatings at small PANI loading

that are m ust, which is extremely challenging using conventional solution-based methods.

For inst y Cong et al., reported that, while a bare graphene paper electrode was ~30 um,
the graphene paper electrode electropolymerized with PANI was 38 um, and the thick PANI coating
contributed to the 18% drop in capacitance after 1000 cycles (at 5 A/g and 22.3 wt % PANI)."*?

Likewise, , has shown that 120 nm diameter PANI nanofibers synthesized by interfacial

polymeriza and integrated into graphene layers exhibited a 21% drop in capacitance after 800

W 66% wt% PANI)[24]. Furthermore, composites of single-walled carbon nanotubes
and 50 nmgthi emically polymerized PANI nanoribbons showed a 21% reduction in capacitance

after 100 at 0.2 mA/cm? and 26 wt% PANI).[43] Similarly, carbon nanocoils (80-100 nm

This article is protected by copyright. All rights reserved.
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diameter) integrated with chemically polymerized PANI (80 wt %, 20 nm thick) exhibited a 28% drop
in capacitance after 2000 cycles (at 2.5 A/g).[“‘” In addition to the poor cyclability, most of the
solution-based_composite devices only reach PANI-only capacitances that are ~60-70% of the

theoretical ntrast, the oCVD process enables nanometer-thin control of PANI coatings

D

which, vﬁt e smaller PANI loadings, leads to excellent cyclability even after 10,000 cycles, show

4

very good rate performance, and have PANI-only capacities up to 92% of the theoretical limit.

SC

Supporting Information

Ui

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 2. (a FTI aniline monomer (bottom) and oCVD PANI thin film (top). (b) UV-vis absorption

spectrum ANI film. Inset: PANI, deposited onto quartz glass, shows a green color indicative
of the em state. (c) High resolution N1s and Cls XPS spectra of oCVD PANI thin films
corresp emical groups in Fig.1.
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Figure 3. iclic voltammograms in a range of scan rates for (a) bare, and (b) PANI-coated Mo,C-CDC
electrodes: mmon-scale comparison of the cyclic voltammograms for both electrodes at 20
mV/s, WHANI-coated electrode (green square) shows a pseudocapacitive contribution as

well as angi in EDL capacitance compared to the bare Mo,C-CDC (red circle). (d) Rate
performance, in t;ms of specific (closed symbols) and volumetric (open symbols) capacitance of

both devic ulated from the cyclic voltammograms shown in (a) and (b). (e) Cycle life of each

device, % mV/s for 10,000 cycles.
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Figure 4. (cize distributions of bare (red circle) and PANI-coated Mo,C-CDC (green square)
electrodes. gp-down SEM images of bare and PANI-coated Mo,C-CDC electrodes, respectively.

Author Mg

This article is protected by copyright. All rights reserved.

19



WILEY-VCH

[

Table 1. Resolved peak data from the N1s and C1s XPS spectra.

| N2 N3 Cc1 Cc2 c3
Energy (eV : 399.3 400.4 284.5 285.3 286.0
Atomic % 34, 50.4 15.4 63.2 30.5 6.3
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Novel oxidative chemical vapor deposition (0CVD) synthesis and integration of ultrathin
polyaniWro/mesoporous carbide derived carbon (Mo,C-CDC) supercapacitor electrodes. A
combinatio pectroscopic techniques confirmed that the oCVD process produces

electroche dctive emeraldine PANI. The composite electrode exhibited a two times
improvemé g c capacitance vs bare Mo,C-CDC and showed good cyclability.
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