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Abstract In this work, we show a comparative study based

on the effects of specific chemical functional groups (–OH, –

NH2), grafted on Vulcan carbon (VC) with the incorporation

of a specific polyoxometalate (POM), PMo12 (H3PMo12O40),

to improve electrochemical performance. We observed a de-

crease in the specific surface area of the grafted matrices (VC-

OH and VC-NH2) [1], and the same trend was observed for

PMo12 (POM) incorporation. Our electrochemical studies

showed low concentrations of POM in unmodified VCs and

higher POM concentrations for grafted matrices (VC-OH and

VC-NH2) after 500 voltammetric cycles, especially for the VC

grafted with –OH groups (VC-OH-POM). Mechanisms have

been proposed for POM interaction with the grafted groups in

carbon, emphasizing the role of aqueous medium and redox

activity of POM. Cyclic voltammograms suggested the POM

anchoring through –OH groups with a strong interaction as a

covalent bond, resulting in a surface coverage of

1.66 × 10−11 mol cm−2. Surface modifications could be ex-

trapolated to other carbons, and the materials could be

employed for different potential applications such as

photocatalysis, amperometric sensors, fuel cells, and

supercapacitors.
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Introduction

Polyoxometalates (POMs) are molecular inorganic metal ox-

ide compounds that exhibit remarkable chemical and physical

properties leading to a wide variety of potential applications.

In addition, their multielectronic reversible redox reactions, as

well as their low cost and toxicity compared to other oxides

[2], represent a novel alternative for use in designing nano-

composite materials. Nevertheless, the high solubility of

POMs in typical solvents has caused them to be ignored as

active compounds for solid-state technology, because they

would need to be anchored to a solid framework. POMs with

Keggin structure consist of metallic oxide nanoclusters

(≈1.5 nm) with formula [XM12O40]
3−, constructed from a cen-

tral tetrahedron (XO4
−, X = non-metal, PO4

3−, SiO4
4−)

surrounded by 12 metal-oxygen octahedra linked by shared

edges and corners (MO6, where M = metal, MoO6, WO6).

These polyanions have been studied in many solid-state ap-

plications: heterogeneous catalysis [3–6], amperometric
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sensors and fuel cells due to their electrocatalytic properties

[7–9], and more recently, in supercapacitors [10–16].

As previously mentioned, the main drawback of POMs in

all applications is finding an effective matrix for incorporation

where desorption does not take place. In the acidic form, these

oxides are known as heteropolyacids, which consist primarily

of big polyanions with Keggin structure and also include cat-

ions, crystallization water, and other molecules. The 3D ar-

rangement is called the secondary structure; the tertiary struc-

ture determines the particle size, surface area, pore size, etc.,

which establish the final solid-state properties [17].

Heteropolyacids show very small surface areas (1–

15 m2 g−1) and are highly soluble in water. Nevertheless, the

surface area can be greatly increased and the pores can be

manipulated by metal or cation (Cs+, NH4
+, etc.) proton sub-

stitutions. The dispersion of heteropolyacids in solid matrices

is another method of increasing the surface area and adjusting

the porosity, both of which are important in potential solid-

state applications. Molecular oxides have been incorporated in

different solid matrices, such as zirconia [18], silica [19], alu-

mina [20], TiO2 [21], and zeolites [3], exhibiting desorption

problems due to weak bonding with the matrix. POMparticles

have also been deposited on electrode surfaces and

immobilized into or within conducting polymers to modify

their properties [11, 22–26]. Furthermore, they have been in-

corporated in a diversity of carbon matrices such as activated

carbon [15, 16, 27], carbon cloth and fibers [4, 5], gels [6] and

aerogels [14], pastes [7, 8], nanofibers [12], multiwalled car-

bon nanotubes [9–11, 13, 28–33], and graphene [10, 11,

34–37] and electrodeposited onto vitreous carbon substrates

[38, 39]. These types of carbon matrices compared to others

can strongly immobilize these molecular oxides, showing low

solvent desorption due to covalent bonds between the func-

tional groups present on the surfaces of the carbons and oxides

[9, 11, 13, 30, 32, 40]. It has been studied that the immobili-

zation, anchoring, or addition of these oxides in the carbon

matrices involve a strong and irreversible adsorption [11, 32,

40], which is increased by the microporosity [11, 27] and the

hydrophilic nature of the carbon matrix [11], and by the cre-

ation of oxygen-based functional groups [9, 11, 13, 30, 32].

Currently, the nature of the specific functional group on the

carbon surface that forms covalent bonds with POMs is still

unknown. The conventional oxidative treatments that have

been used in carbon matrices have not effectively controlled

the creation of functional groups; in addition, electric conduc-

tivity decreases due to decreased porosity [41]. However,

chemical modification of carbon by diazonium salt chemistry

(grafting) is a novel procedure that permits selective incorpo-

ration of functional groups without destroying porosity. This

method consists in the in situ generation of a diazonium cation

by diazotization of an aromatic amine and subsequent reduc-

tion of the diazonium cation to the corresponding aryl radical,

which allows for the modification of the carbon surface with a

substituted aryl group, such as in Scheme S1 (supporting in-

formation), where R is a specific functional group [1, 42–44].

Our previous work confirmed the molecular oxide immobili-

zation through an oxygen-based functional group created dur-

ing conventional oxidation treatments of the nanocarbons’

surface [9, 12, 13, 31–33]. Therefore, the intrinsic oxidative

nature of POMs and their acidity could be responsible for the

interaction with the functional group in question. In this work,

we show a comparative study between the bare Vulcan carbon

matrix and its modification with grafted functional groups on

POM retention. We have selected the –OH group as a model

group to graft on Vulcan carbon, because it represents the least

oxidized functional group of all oxygen-based groups. In ad-

dition, interactions of the molecular oxides have previously

been reported with amine groups over silica [45–47], amine

groups in polyaniline [24, 25], polypyrrole [48], and

polyethylenimine [49]. Therefore, we also grafted an amine

group onto the carbon matrix. Grafting functional groups on

the surface of carbons enables us to monitor the surface chem-

istry, which is a useful information for POM attachment.

Experimental section

Grafting of –NH2 and –OH groups

We used Vulcan carbon (VC; Black VXC-72) from Química

Rana, p-phenylenediamine (precursor of NH2 groups), 4-

aminophenol (precursor of OH groups), and sodium nitrite

(97 %+) from Sigma-Aldrich, as well as analytical grade sol-

vents. The procedure for grafting –NH2 and –OH groups on

VC was performed similar to the work of Lyskawa et al. [50]

and can be summarized as follows: 500 mg of VC was dis-

persed in 50 ml of deionized water using an ultrasonic bath for

10 min; then, 4 mmol of the specific functional group

aminophenyl precursor (φ-NH2 or φ-OH) and two drops of

HCl (37.1 % from Fermont) were added. The solution was

stirred for 1 h to adsorb the precursor or corresponding amine

on the carbon. Subsequently, 4 mmol of NaNO2 dissolved in

50 ml of deionized water were added to the solution to reduce

the aminophenyl precursor, and the reaction was stirred for

16 h under N2 bubbling. The resulting suspension was filtered

under vacuum and rinsed with H2O, acetonitrile,

dimethylformamide, and methanol solvents to remove excess

unreacted reagents. The solids were dried at 353 K for 1 h.

POM incorporation

The synthesis to incorporate phosphomolybdic acid

(H3PMo12O40 nH2O from Fermont (PMo12)) into the different

carbonmatrices was performed as follows: each carbonmatrix

(VC, VC-NH2, and VC-OH) was sonicated in 50 ml of

1.0 mM PMo12/H2O or EtOH solution for 1 h in an ultrasonic
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bath; it was then vacuum filtered and washed using the respec-

tive solvent (H2O or EtOH). The different materials obtained

are described below (see Table 1).

ATR and FTIR analyses

We performed attenuated total reflectance (ATR) spectra for

all carbon matrix materials (VC, VC-NH2, and VC-OH) and

Fourier transform infrared (FTIR) spectra for the best POM-

incorporated materials (VC-NH2-POM and VC-OH-POM in

aqueous medium) in KBr pellets to confirm the presence of

grafted functional groups and the incorporation of POM. We

used a Thermo Scientific Nicolet 8700 spectrometer with a

frequency interval between 4000 and 650 cm−1.

BET surface area

We performed nitrogen isotherm measurements at 77 K for all

materials with a Quantachrome NOVA instrument. Prior to the

measurements, we purged the samples under vacuum at 393 K

for 16 h to clean the surface and prevent PMo12 degradation at

higher temperatures. To calculate the specific surface area (S-

BET), we analyzed the nitrogen isotherms by the Brunauer-

Emmett-Teller (BET) theory between 0.02 and 0.3 P/Po.

Electrochemical characterization

We performed the electrochemical studies at room tempera-

ture (298 K) in a conventional three-electrode system using

cyclic voltammetry in a Biologic VSP potentiostat controlled

by EC-Lab® software. The three electrodes in our system

were a Hg/Hg2SO4 reference electrode (SSE), a platinum coil

counter electrode, and our different materials as the working

electrode. Each working electrode was prepared as follows: in

ethanol, we mixed 60 wt.% of our sample material, 30 wt.%

Super P conductive carbon (brand TIMCAL Graphite and

Carbon), and 10 wt.% Teflon (Sigma-Aldrich) as a binder

and heated it until it was fully evaporated to obtain a black

dough. The dough was cold rolled to prepare a film, which

was then dried at room temperature for 24 h to eliminate

residual ethanol. The films were cut into 1-cm2 squares and

pressed in a stainless steel wire cloth current collector (Aisi

316 L 250 wire, 160 μ). The mass loading was typically be-

tween 3 and 5mg cm−2. The 0.5MH2SO4 electrolyte was first

purged with highly purified N2 for at least 20 min, and the

voltammograms are shown in terms of normal hydrogen

electrode (NHE) by performing the pertinent conversion (V

vs SSE + 0.65 V = V vs NHE).

Results

Grafting –NH2 and –OH groups

We obtained ATR spectra for all the carbon matrices in order

to confirm the incorporation of the grafted functional groups

(Fig. 1). The VC matrix spectrum showed a band at

∼3332 cm−1 related to OH stretching, indicating the presence

of an –OH functional group and/or water adsorbed on the

surface of the sample [51, 52]. In addition, we observed bands

at 2916 and 2850 cm−1 corresponding to the C–H stretching of

the methyl and methylene [52, 53], bands at 1643 and

1534 cm−1 assigned to C=C and C–C stretching conjugated

benzene ring bonds [52, 54], and bands at 908 and ∼753 cm−1

assigned to –C=CH2 (terminal bonds) and C–H bending (off

plane). For the modified carbon with φ-NH2 (VC-NH2), in

addition to the same peaks seen in the VC spectrum, we ob-

served a sharper band at 3300 cm−1 corresponding to N–H

stretching, a band at 709 cm−1 assigned to N–H wag, a band

at 1240 cm−1 assigned to C–N stretch in aromatic amines out

of the plane (Ar-NH2), and a band at 1075 cm
−1 corresponding

to C–N stretching of amine group or of secondary amines

[53–55]. We must note that the peak at 3300 cm−1 could indi-

cate exclusively –OH functional groups, and if this is the case,

the presence of secondary amines could not be ruled out. The

X-ray photoelectron spectroscopy surface analysis (Fig. S1,

supporting information) for VC-NH2 clearly demonstrates

the presence of –NH2-grafted functional groups indicated

from a N1s peak centered at 399.6 eV, unlike the pristine

carbon sample, which does not exhibit a peak at this binding

energy.

Finally, for the carbon matrix grafted with φ–OH groups

(VC-OH), we observed a wider signal at 3200 cm−1 compared

to the signal in the unmodified VC spectrum; this is assigned

to –OH stretching with H bonded. We also observed a band at

1153 cm−1 assigned to C–O stretching in aromatics (Ar-OH)

[54, 56] and a shoulder at approximately 1000 cm−1 assigned

to C–O bond, in good agreement with previous work on

grafted –OH groups [57]. The extra ATR peaks observed in

the VC-NH2 and VC-OH spectra confirm that the bare carbon

matrix (VC)was grafted with –NH2 (VC-NH2) and –OH (VC-

OH) groups.

Table 1 Prepared materials
Carbon matrix Vulcan carbon (VC) VC-NH2 VC-OH

POM incorporation VC + POM/H2O VC-NH2 + POM/H2O VC-OH + POM/H2O

VC + POM/EtOH VC-NH2 + POM/EtOH VC-OH + POM/EtOH

J Solid State Electrochem (2016) 20:67–79 69



We calculatedBETsurface areas usingN2 isotherms between

0.02 and 0.3 P/Po (Fig. S2, supporting information) for all of the

prepared materials, resulting in 221 m2 g−1 for the unmodified

VC matrix. The isotherm starting points revealed the micropo-

rous nature of the materials; in Table 2, we list the calculated

BETsurface areas for all of the samples.We observed a decrease

in the BETsurface areas after graftingφ-NH2 and φ-OH groups

onVC (161 and 181m2 g−1, respectively). This finding suggests

that the grafted functional groups block in some degree the

micropores observed in the unmodified VC matrix, as we can

observe by the volume decrease in the BET isotherm at the

starting point, and the unchanged slope of the adsorption iso-

therm (mesoporosity), in good agreement with previous work

by Pognon et al. [1] on anthraquinone grafting.When looking at

the surface area (Table 2) occupied by the functional groups

compared with the unmodified VC matrix, the VC-NH2 matrix

shows the greatest loss of surface area (≈60m2 g−1), followed by

VC-OH matrix surface area loss (≈40 m2 g−1); the losses are

most likely due to the size of the functional group.

POM incorporation

We performed FTIR analyses and N2 isotherms in order to

confirm POM incorporation to the different VC matrices.

The vibrational modes of FTIR spectrum of unbind POM

are presented at 1064 cm−1 for P–O, at 962 cm−1 for

Mo = O (terminal oxygen), at 868 cm−1 for vertex or corner

Mo–O, and at 783 cm−1 for edge Mo–O [32], which are in

good agreement with the spectrum inset shown in Fig. 2. FTIR

spectra confirmed the presence of POM in the pristine carbon

matrix (VC, Fig. S3a) and grafted matrices (VC-OH, Fig S3b;

VC-NH2, Fig S3c). In Fig. 2, we show the spectra for the

samples obtained with the grafted carbon matrices in aqueous

medium, which are representative of all obtained spectra

(Fig. S3). The information that we can extract is that no sig-

nificant change was observed in the pristine VC (Fig. S3a) nor

in the VC-NH2 matrix when POM was incorporated

(Fig. S3c), while in VC-OH matrix, important changes were

detected. The wider signal at 3200 cm−1 detected in VC-OH

matrix (Fig. 1) disappeared, as well as the vibrational bonds

related with OH groups (1153 cm−1 and around 1000 cm−1

assigned to C–O bond in aromatics, Fig. S3b).

POM incorporation in the micropores of materials exposed

to different POM solutions (Fig. S2, decrease of the isotherm

starting point) contributes to smaller observed values of SBET

Fig. 1 ATR spectra of the grafted

carbons with –NH2 and –OH

(VC-NH2 and VC-OH,

respectively) and the bare carbon

matrix (VC) as a reference

Table 2 BET surface area values obtained from N2 adsorption

isotherms between 0.02 and 0.3 P/Po for all VC-based materials

Sample SBET/m
2 g−1

Carbon matrices Aqueous media Ethanol media

VC 221.72 − −

VC-NH2 161.94 − −

VC-OH 181.48 − −

VC + POM 184.11 117.21

VC-NH2 + POM 88.73 102.01

VC-OH + POM 109.36 124.19
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comparedwith the respective matrices without POMs (Fig. S2;

Table 2). The decreases in SBET ≈72–73m
2 g−1 (Fig. S2a) in an

aqueous medium is likely due to POM occupation and were

greater than the loss seen for the ethanol, where the decrease in

the SBET was ≈57–60 m2 g−1 (Fig. S2b). The large decrease

observed from samples in the aqueous media is most likely due

to the interactions of –NH2 and –OH groups with water (OH−

and H+) facilitating POM incorporation. Surprisingly, a major

decrease in surface area (≈105 m2 g−1) was observed for the

bare VC matrix when exposed to POM in ethanol. This obser-

vation will be explained herein.

Electrochemical characterization

In Fig. 3, we show the cyclic voltammograms of the unmod-

ified VC, VC-NH2, and VC-OHmatrices in 0.5 M H2SO4 at a

scan rate of 100 mV s−1. For the VC matrix, we observed a

rectangular shape voltammogram that is characteristic of a

carbon electrode with an electrochemical double-layer forma-

tion. For the VC-OH matrix, we observed two redox pairs of

broad peaks at 0.33/0.44 V (a/a′) and smaller at 0.60/0.68 V

(b/b′). They have been previously assigned to a faradaic con-

tribution from oxygen-based functional groups [58], and the

following redox reaction has been proposed [59, 60]:

In the VC-NH2 matrix, we observed a larger redox pair at

approximately −0.01/0.22 V (c/c′) and a smaller one at 0.56/

0.72 V (b/b′) related to amine protonation-deprotonation.

Previous research on electro-active nitrogen-containing func-

tional groups electrochemically characterized in similar con-

ditions detected a broad redox pair contribution (reduction

approximately −0.341 to −0.041 V and oxidation −0.041 to

0.359 V) in carbon nanotubes doped with N [61], a redox

couple (0.149 V/0.19 V) related with the electroactivity of

grafted diphenylamine (DPA) on to a glassy carbon electrode

[62], and a specific redox couple (−0.041 V/0.189 V) related

with p-aminodiphenylamine (ADPA) [63]. If we consider the

possibility of secondary amines present in the VC-NH2 ma-

trix, as suggested by the ATR spectrum, the redox couple c/c′

Fig. 2 FTIR spectra of as-

prepared materials with POM

incorporation using aqueous

media (CV-NH2−POM/H2O and

CV-OH−POM/H2O) in KBr

pellets. Vibrational modes of

POM are marked with an asterisk

Fig. 3 Cyclic voltammograms of the VC (filled triangles), VC-NH2

(filled squares), and VC-OH (filled diamonds) electrodes in a 0.5 M

H2SO4 solution at 100 mV s−1
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could correlate to the presence of aniline dimers (DPA and

ADPA) in addition to the aniline grafted to the VC matrix,

as shown in Scheme 1.

The presence of aniline dimers in the grafted carbon VC-

NH2 is thought to come from the p-phenylenediamine precur-

sor not being homogeneously adsorbed on the carbon surface,

giving way to multilayer formation by coupling between the

attached groups and the radicals in solution, and in some de-

gree clogging the pores. Belanger et al. [64] claimed that the

amino group is a good nucleophile that can react with the –N2
+

group when nitrate is added during the grafting procedure,

resulting in aniline dimers. The formation of these dimers

may explain the major decrease in surface area observed for

VC-NH2. Additional work is needed to better understand the

grafting procedure phenomena resulting in the improved elec-

trochemical performance of the carbon electrode. In general,

the extra redox peaks observed for both grafted matrices (VC-

OH and VC-NH2) reveal the modification of the bare VC

matrix during the grafting procedure [65].

In Fig. 4, we show the cyclic voltammograms from 500 cy-

cles of the POM-incorporated materials at the same potential

and scan rate conditions as in Fig. 3. We will first discuss the

different contributions observed in the first few cycles for all

VC matrices exposed to POM aqueous or EtOH solutions,

followed by the evolution of the voltammograms over 500 cy-

cles. In these voltammograms, we observed three redox peaks

marked as I/I′, II/II′, and III/III, comparedwith the correspond-

ing unincorporated matrix. The redox pairs appeared around

≈0.43/0.58 V (I/I′), ≈0.3/0.45 V (II/II′), and ≈0.05/0.18 V(III/

III′) and correspond to the characteristic electrochemical redox

pairs of this particular POM (PMo12O40), as shown in Scheme

2 [15, 16, 31], confirming the presence of POMs.

For the bare VC matrix treated with the POM aqueous

solution (VC + POM/aqueous, Fig. 4a), we observed retention

of the double-layer behavior of the carbon matrix without any

important modifications. This finding indicates that POM

treatment did not result in the matrix oxidation commonly

observed in extended reaction times [15, 16, 40] and did not

block accessible pores. However, when the same matrix was

treated with a POM/EtOH solution (VC + POM/EtOH,

Fig. 4b), a decrease of the double layer was observed. This

result suggests that oxidation of VC by POMs or modification

of VC, resulting in lost BET surface area (Table 2), is facili-

tated in ethanol. In the grafted electrodes (VC-NH2 and VC-

OH) treated with a POM aqueous solution (VC-NH2 + POM/

aqueous and VC-OH + POM/aqueous, Fig. 4c, e), we ob-

served the characteristic POM redox peaks, which seemed

more irreversible for VC-NH2 + POM/H2O electrode (redox

pairs with increased separation, III/III′). On the other hand,

VC-OH + POM/H2O electrode shows additional peaks (b/b′)

related with the grafted OH group as described in Fig. 3 and an

additional peak around 0.2/0.25 V that will be later described.

In addition, the current density of the voltammetric profiles

compared to the corresponding grafted carbon matrix and un-

modified carbon matrix (VC) increases. The presence of ad-

ditional current suggests that the grafted functional groups

facilitate the incorporation of POM in an aqueous medium

without a detrimental effect on the electrochemical behavior

of the carbon matrix. However, when we performed the POM

treatment of the grafted matrices in ethanol, the current density

increase for the VC-NH2 + POM/EtOH electrode (Fig. 4d)

was small and no increase was observed for the VC-OH +

POM/EtOH electrode (Fig. 4f). We must note that the POMs

are being incorporated, but the effect on the current density

Scheme 1 Schematic

representation of aniline dimer

redox pairs, possibly involved in

the carbon matrix modified with –

NH2 groups (VC-NH2). Adapted

from the work of Santos et al. [62]

and Sharma et al. [63]
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again suggests that POM incorporation in ethanol does not

yield optimal materials.

From the cyclic voltammograms shown in Fig. 4, we ob-

served that the POM redox peaks decreased upon cycling and

stabilized after 500 cycles. This finding indicates that partial

POM desorption takes place resulting from weak bonds with

the carbon matrix (physisorption), such as electrostatic inter-

actions. Nevertheless, the most important parameter to

Fig. 4 Cyclic voltammograms of all POM-treated electrodes

characterized in a 0.5 M H2SO4 solution at 100 mV s−1, were cycles 2,

100, 200, 300, 400, and 500 are shown, as the voltammogram of the

corresponding carbon matrices (colored lines). Carbon matrices treated

with POM aqueous solutions are shown in a bare VCmatrix (VC + POM/

H2O), c grafted matrix with NH2 (VC-NH2 + POM/H2O), and e grafted

matrix with –OH (VC-OH + POM/H2O), and the same matrices treated

with POM alcohol solutions are shown in b bare VC matrix (VC + POM/

EtOH), d graftedmatrix with NH2 (VC-NH2 + POM/EtOH), and f grafted

matrix with –OH (VC-OH + POM/EtOH)

J Solid State Electrochem (2016) 20:67–79 73



determine is which matrix retains the highest POM concentra-

tion. To estimate the percentage of desorbed and retained

POM during cycling across all matrices, we calculated the

difference between the total charge of the 2nd and 500th cy-

cles. In Fig. S4 (supporting information), we show the results

of these calculations for the aqueous and ethanol media.

Higher percent of POM loss was observed for the aqueous

medium versus ethanol for the grafted matrices, and the op-

posite was true for the unmodified matrix (VC). Nevertheless,

we observed that all of the carbon matrices treated with the

aqueous POM solution showed higher POM retention concen-

trations after 500 cycles in comparison with the ethanol-

treated samples. The grafted matrices also retained higher

POM concentrations compared to the unmodified matrix.

The matrix grafted with –OH groups (VC-OH) exhibited the

highest POM retention (VC-OH-POM). These results confirm

that grafting carbon with functional groups, such as –NH2 or –

OH, promotes higher POM retention.

In Fig. 5a, we show the cyclic voltammograms at different

scan rates of the best electrode (higher POM retention), VC-

OH-POM/H2O. The characteristic POM redox pairs (I/I′, II/II′,

and III/III′) were present at lower scan rates (10 mV s−1) and

remained up to 200 mV s−1, indicating the fast response of the

redox behavior of POM incorporated in this carbon matrix.

Nevertheless, wemust note that at high scan rates, the reduction

and oxidation peaks tend to separate, indicating less reversibil-

ity compared to lower scan rates. In addition, we observed an

extra peak at all scan rates (previously detected in Fig. 4e in

cycle 500), which we marked with an asterisk. This extra peak

was previously observed by Fernandes et al. [36] and was

related with the formation of β-isomers of POM that are oxi-

dized at more positive potentials than the corresponding α-

isomers. Furthermore, Fig. 5b shows the current density of

the reduction and oxidation process of the I/I′ redox pair versus

the scan rate. A proportional increase of the current densities

(oxidation, reduction) with the scan rate confirm that POMs are

not being dissolved (desorbed) during cycling but are rather

anchored to this grafted matrix through a stronger interaction

as in a covalent bonding, improving the presence of POMs on

the surface of the electrode.

To calculate the POM coverage of the grafted carbon ma-

trix, we calculated the slope of each line (Fig. 5b) using the

geometrical area (1 cm2) of the electrode according to the

work of Martel et al. [66]. Then, the mass loading of function-

alized carbon per geometric surface area of this electrode

(≈3.4 mg cm−2) and the BET-specific surface area for the

VC-OH-POM sample (109 m2 g−1) was considered, corre-

sponding to 1.66 × 10–11 mol cm−2 of carbon. Although this

Scheme 2 Schematic representation of the three characteristic POM redox pairs

Fig. 5 a Cyclic voltammograms of the VC-OH−POM/H2O electrode in a 0.5-M H2SO4 solution at different scan rates (10, 25, 50, 75, 100, 150, 175,

and 200 mV s−1). b Middle oxidation and reduction peak (I/I″) current plotted as a function of the scan rate
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value may appear low compared to literature values of func-

tionalized carbon using diazonium chemistry and spontaneous

chemical grafting (10−9 to 10−10mol cm−2) [42–44], one must

account for the POM surface area and volume, which are

much larger than conventional grafted molecules. The

projected surface area of a POM anion is close to 1.76 nm2,

almost 28 times higher than conventional phenyl-based

grafted radicals. This outcome is evidence of the optimized

surface coverage of carbon by POMs, which are attracted by

the φ-OH radical grafted at the carbon surface. Therefore,

coverage of 1.66 × 10–11 mol cm−2 of the carbon surface

suggests that an optimized amount of POM has been grafted

using our chemical process.

Discussion

Until now, we observed better POM incorporation in aqueous

media than in alcohol media. In this regard, we can mention

the specific characteristic of heteropoly acids (HPA) such as

phosphomolybdic acid, which are greatly soluble in polar sol-

vents as well as being fully dissociated in aqueous solution

which gives the strong acidity [2]. In addition, the effect of

water amount on the acidity of POM in water-organic solu-

tions has been previously reported, in which the acidity de-

creases upon addition of water, then goes through a minimum

and then increases with further increase of water concentration

[67]. This behavior of phosphomolybdic acid could be

related to the mechanism of its incorporation into dif-

ferent carbon matrices.

Specifically for the VC-OH matrix (Scheme 3), we could

propose the interaction of phenolic OH group with water mol-

ecules by the transfer of proton to water showing an equilib-

rium between these species [68]. In addition, because of the

presence of fully dissociated POM in water, the matrix could

present protonated –OH groups, allowing electrostatic inter-

actions between this positively charged species and anionic

phosphomolybdate.

In this regard, we consider the dissociation of

phosphomolybdic acid as a relevant factor, emphasizing that

in aqueous media, the acidic protons could be more available

for –OH protonation than the acidic protons in ethanol media

[67]. In addition, the softness of heteropolyanions (anionic

phosphomolybdate), plays an important role in stabiliz-

ing organic intermediates such as the protonated forms

of VC-OH matrix [2].

The oxidative effect of POMmust be included in the mech-

anism of POM incorporation. The oxidation of phenolic

groups could generate phenoxyl radical, and the presence of

radical coupling should not be ruled out [68]. The intrinsic

oxidative nature of POM could also be responsible for some

covalent interaction with the functional group present in the

matrix (OH in this case). This proposed reaction mechanism

involving a covalent bond is currently under study by theoret-

ical calculations.

On the other hand, for VC-NH2matrix, aqueous media also

facilitates POM incorporation compared to ethanol media. As

Scheme 3 General proposed

mechanism of POM

incorporation in VC-OHmatrix in

aqueous media. (HPA heteropoly

acid, HPB reduced heteropoly

acid)
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we mentioned above, full dissociation of phosphomolybdic

acid in aqueous media should be considered as a crucial factor

(Scheme 4). In this regard, we could propose a mechanism in

which the VC-NH2 (primary or secondary amine group) is

present in the protonated form stabilized by electrostatic inter-

action with anionic phosphomolybdate. The oxidation of VC-

NH2 matrix could be carried out as well as the expected re-

duction of POM, resulting in a stronger interaction.

It is important to note that the proposed electrostatic inter-

action, between the anionic phosphomolybdate and the pro-

tonated grafted groups, is considered a weak interaction and

could be related with the higher POM desorption (Fig. S4a).

Nevertheless, in aqueous medium, a higher POM retention

was observed as previously mentioned and must be related

with the oxidative properties of POM resulting in a stronger

interaction with these grafted matrices.

We performed FTIR analyses of VC-NH2-POM and VC-

OH-POM samples prepared in aqueous medium using KBr

pellets (Fig. 6). These samples were washed several times

with deionize water to remove weakly bonded POM

(physisorption) and try to identify any shifts of the POM and

grafted groups vibrational modes that could be related to any

covalent bond. In both samples, we can observe these charac-

teristic POM vibrational modes, where the P–O bond is ob-

served around 1066 cm−1 as a wide and intense band due to

the overlapping with the characteristic C–N stretching

(1075 cm−1) of the grafted amine group for VC-NH2-POM

spectrum, and the presence of C–O stretching (Ar-O-R,

1153 cm−1) [54–57] for VC-OH-POM spectrum. For sample

VC-NH2−POM, the Mo=O terminal bond is observed at

956 cm−1, while the vibrational modes corresponding to

Mo–O corner (vertex) and edge bonds are observed at 868

and 801 cm−1. In the case of VC-OH−POM sample, the

Mo=O terminal bond is overlapped with the wide band in-

cluding the vibrational modes of P–O and C–O bonds, and

the vibrational modes related with Mo–O corner and edge

bonds are observed at 869 and 805 cm−1. The major shift of

POM vibrational modes in these grafted matrices was ob-

served for Mo–O edge bond (from 783 to around 800 cm−1),

and also a smaller shift of Mo=O band was observed in the

VC-NH2−POM spectrum. These changes suggest that Mo–O

edge bond and probably Mo=O bond in POM are the ones

involved in the covalent bonding with the grafted matrices, as

observed previously in our earliest work with other carbon

matrices [53], and anchoring in conducting polymers [69,

70]. On the other hand, the shifts of the bands related with

the grafted groups are difficult to extract due to overlapping.

Therefore, ongoing theoretical work will try to get more in-

sight on how POM clusters are oriented on the substrate sur-

face as well as the nature of the charge transfer between the

POM molecule and the carbon support.

Conclusions

We show a comparative study based on modified VC carbon

matrices by grafting diazonium derivatives to incorporate

−NH2 and −OH groups, resulting in higher POM retention.

We observed that the grafting procedure partially blocked the

Scheme 4 General proposed mechanism of POM incorporation in VC-

NH2 matrix in aqueous media. (HPA heteropoly acid, HPB reduced

heteropoly acid)

Fig. 6 FTIR spectra of washed materials with deionize water (CV-

NH2−POM/H2O and CV-OH−POM/H2O) in KBr pellets. Vibrational

modes of POM are marked with an asterisk
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micropores of the bare VCmatrix, and the modifications were

confirmed by ATR and cyclic voltammetry. We must note that

our –NH2 grafting procedure could also result in the incorpo-

ration of aniline dimers, as suggested from the cyclic volt-

ammetry results and previous work [64]. In POM-treated ma-

trices, we detected higher surface area losses for grafted ma-

trices versus the unmodified VC due to higher POM concen-

trations. In addition to improvements in POM retention in the

grafted matrices over 500 voltammetric cycles, we observed

that an aqueous medium was better than ethanol at facilitating

POM retention, and the POM desorption phenomena pertains

to weakly bonded POMs through electrostatic interactions

(physisorption). These weak interactions have been included

in the proposed interaction mechanisms using aqueous medi-

um, where protonation of grafted groups are considered. Our

results show that the matrix retaining the highest concentra-

tion of POMs was the VC-OH matrix in aqueous medium

(VC-OH−POM-H2O), where POM redox couples are present

with good kinetic behavior. We suggest that the anchor-

ing of POMs in the VC-OH matrix is being facilitated

by the electrostatic interaction in aqueous medium, pro-

moting a higher concentration of covalent-bonded POM

where the oxidative nature of POM must be involved. A

POM coverage of 1.66 × 10−11 mol cm−2 has been

calculated for our best material (VC-OH−POM-H2O).

Our POM-retaining carbon matrix methodology could

be extrapolated to other carbon materials for various

potential applications, such as photocatalysis, ampero-

metric sensors, fuel cells, and supercapacitors.
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