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Abstract

:

The effect of carboxyl groups on the redox activity of polyluminol-carbon nanotube composites was studied. Carboxyl groups were selected due to their known contributions toward surface wettability and pseudocapacitance while often present on naturally derived low-cost porous carbons. Density functional theory (DFT) predicted energetically favoured bonding and a significantly reduced band gap between the luminol and carboxylated graphene relative to that of bare graphene, suggesting improved charge storage for carboxylated carbon substrates. The prediction was validated using bare carbon nanotubes (CNTs) and carboxylated CNTs (COOH-CNTs) as the substrates for in situ chemical polymerized luminol (CpLum). Surface morphological studies showed a ca. 1.1 nm thick coating of CpLum on CNT (CpLum/CNT) and a ca. 1.3 nm on COOH-CNT (CpLum/COOH-CNT), while surface chemical analysis revealed ca. 10% nitrogen from CpLum on both CpLum/CNT and CpLum/COOH-CNT. However, with merely 4.4% of COOH functionalization, CpLum/COOH-CNT was able to store more charge (137.1 ± 17.1 C cm−3) relative to CpLum/CNT (86.1 ± 14.1 C cm−3) and had increased charge retention over 5000 cycles. The insights from these studies can be used to engineer the surface of carbons such as CNTs and ACs to improve the interfacial properties for redox active materials and composites.
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1. Introduction


The mounting demand for clean energy and environmental sustainability has led to the rising interest in redox-active organic-carbon composite electrodes for high power and long-lasting energy storage, especially for electrochemical capacitors (EC) [1,2,3]. Nitrogen-containing organic redox-active materials such as the conducting polymers polyaniline (PANI), and polypyrrole (PPy) have been extensively investigated in the literature as components of redox-active composites due to their strong redox activities [4,5,6,7].



Polyluminol is a conducting polymer with strong redox activity and can be leveraged in composites [8,9,10,11]. Chemically polymerized luminol (CpLum) on multi-walled carbon nanotubes (CNT) showed increased capacitive charge storage properties in the composite (CpLum-CNT). With merely a few nm CpLum, the composite electrodes exhibited reversible faradaic redox reactions and stored ca. 2–3 times higher volumetric charge than that of bare CNT.



Among first principles modelling, density functional theory (DFT) leveraging quantum mechanical approximations of electron densities has been widely leveraged to understand the intrinsic properties of 2-D materials [12,13] and the interactions of organic molecules such as aniline [14], on 2-D monolayers such as coronene or graphene [15,16]. This DFT-based approach modelling a luminol monomer on graphene has been used to predict π-π interactions between the polymer and the CNT substrate. These interactions are thought to stabilize the composite and contribute to its strong electrochemical performance [8,17].



To further increase the charge storage capability, the interactions and surface chemistry between the redox active species and the carbon substrate need to be explored [2]. Among commonly found oxygen functional groups, carboxyl groups provide increased surface wettability [18,19] and charge storage through pseudocapacitance [20] while being present on naturally derived porous carbons such as carbonized and activated carbons (ACs) [21]. Furthermore, carboxyl functionalities can be introduced onto carbon surfaces through acid treatments involving H2SO4/HNO3 mixtures, allowing the surface functionalities to be tuned [18,22]. Surface carboxyl groups might promote the adsorption of the monomers such as luminol onto the surface of carbons prior to in situ chemical polymerization as reported in absorption studies involving carboxylic acid functionalized carbon and organic pollutants [23], dyes [24], and enzyme molecules [25]. Carboxyl groups have also served as tethering points for PANI [26] and PPy [27,28] during in situ oxidative polymerization on CNTs, which may be leveraged for polyluminol.



In this work, we investigated the effects of carboxylic groups on CNT towards the redox activities of the CpLum-CNT composites. The surface and electrochemical properties of the COOH-functionalized CNT CpLum composites (CpLum/COOH-CNT) were compared to the CNT composites (CpLum/CNT). The insights from this study can be used to engineer the surface of carbons such as CNTs and ACs [29] to improve the interfacial properties for redox active composite electrodes.




2. Materials and Methods


2.1. Materials


Luminol monomer was purchased from Alfa Aesar. Ammonium persulfate, dimethyl sulfoxide (DMSO), isopropyl alcohol (IPA) solvent and polytetrafluoroethylene (PTFE) 60% wt. aqueous dispersion were purchased from Aldrich. Multiwalled carboxylated carbon nanotubes (COOH-CNT) and bare carbon nanotubes (CNT) were purchased from US Research Nanomaterials, Inc. (Houston, TX, USA).




2.2. Polyluminol-CNT Composites


The CNTs were mixed with 5% by weight of the binder PTFE. The COOH-CNT and binder solution was mixed with IPA and left to dry under ambient conditions. The dried slurry-like mixture was placed on a pasta roller to compress and form 100–200 μm free-standing films [8].



Luminol was polymerized in situ on either CNT or COOH-CNT to produce chemically polymerized luminol on CNTs (CpLum/CNT) and (CpLum/COOH-CNT) through the following sequence: free-standing CNT or COOH-CNT films were immersed in 20 mL DMSO-water mixture (9:1) dissolved with 0.35 g of luminol followed by the addition of 0.19 g of ammonium persulfate and letting the reaction proceed for 3 h at room temperature. The carbon films were then repeatedly washed in deionized water to remove excess products.




2.3. Material Characterizations


Surface morphological characterizations were performed through scanning electron microscopy (SEM) using the secondary electron signals from a Hitachi SU-7000 SEM in beam deceleration at a landing voltage of 1 kV. The presence of surface coating and its thickness was also studied using transmission electron microscopy (TEM) with a Hitachi HF-3300 cold FE-TEM operated at 100 kV. The samples were prepared by dry-casting dispersed materials onto a holy-carbon film supported on a 200-mesh copper TEM grid. for analysis in both SEM and TEM. Surface chemical composition analysis was performed using X-ray photoelectron spectroscopy (XPS) with a Thermo Scientific™ K-Alpha X-ray photoelectron spectrometer using a monochromated Al Kα source.




2.4. Electrochemical Characterizations


The electrochemical measurements were taken using a Princeton Applied Research PARSTAT MC Multichannel potentiostat. The free-standing carbon films were tested in a 3-electrode cell setup using a cavity microelectrode as the working electrode, Ag/AgCl reference electrode, a graphite counter electrode and 1 M H2SO4 as the electrolyte. The films were loaded into the 3.5 × 10−6 cm−3 cavity by compressing the microelectrode (CME) into films [30]. A minimum of 10 samples were tested for each composition. In the voltametric studies, each sample was tested at scan rates of 15 mV s−1, 50 mV s−1, 100 mV s−1, 500 mV s−1 and 1 V s−1.




2.5. First Principles Methods


The planewave pseudopotential implementation of Kohn–Sham Density Functional Theory (DFT) was used to model a luminol molecule adsorbed to a carboxyl-functionalized graphene substrate. Flat graphene is a reasonable approximation of the local CNT surface when considering that the diameters of the CNTs used in this work are 10-20 nm while our DFT-optimized structures show that the maximum Euclidean distance between two atoms within the luminol molecule is 7 Å. This means that the average local CNT curvature underneath luminol is 4.8°, which is nearly flat. Additionally, previous ab-initio studies of single-walled CNTs with metallic chirality show that their band structures are nearly identical to flat graphene within 1 eV of the Fermi level [31], which is sufficient to approximate the most interesting physicochemical interactions between CNT and adsorbate.



The simulation cell was built to contain a single luminol molecule within an infinitely periodic 9 × 9 carboxyl-functionalized graphene supercell, which ensures at least 10 Å of vacuum between the luminol molecule and its lateral periodic image to avoid spurious interactions. The supercell also includes 20 Å of vacuum along the vertical axis to ensure no spurious interaction between the luminol molecule and the graphene’s bottom in the periodic image. The graphene supercell contains 189 carbon atoms in the graphene layer, which is functionalized by 9 carboxyl groups. Including the luminol, this corresponds to an atomic oxygen percentage of 8.25% in the simulation cell, which lies within the experimentally measured range of 6.7 ± 2.1% in CpLum/COOH-CNT.



Simulations were conducted using the Quantum ESPRESSO package [32,33] version 6.4.1 with the revised VV10 [34] van der Waals exchange-correlation functional and projector augmented-wave pseudopotentials [35,36]. The energy cut-offs for wave functions and charge density are 820 and 9800 eV, respectively. A Monkhorst–Pack [37] grid of 4 × 4 × 1 was used to discretize and sample the supercell’s reciprocal space in all structural relaxation and self-consistent field runs. A denser grid of 8 × 8 × 1 was used for the density of states calculations. Bengtsson dipole corrections [38] were added to eliminate spurious electrostatic interactions between the supercell and its images due to the asymmetry of the layered structure along the vertical axis. Structural convergence criteria were set such that the total energy variation between structures is below 1.5 × 10−3 eV and each component of atomic forces is below 2 × 10−2 eV Å−1. All graphical rendering of structures and data grids was conducted using XCrysDen [39]. Bader charge analysis was conducted using the Bader code [40,41,42,43].





3. Results and Discussion


The interaction of luminol on COOH-graphene compared to bare graphene was investigated through first-principles methods to provide a prediction for the effect of the functionality present. This was leveraged to design the composite, where the presence of CpLum on the surface of COOH-CNT was confirmed through material characterizations. The electrochemical behaviour was characterized and then compared with CpLum on bare CNT, to reveal the effect of the carboxyl group functionalization.



3.1. First Principles Analysis


To better understand the adsorption energetics of luminol in the presence of carboxyl-functionalized graphene, a luminol molecule was simulated in three separate adsorption sites relative to the underlying carboxyl groups: atop1, atop2, and interstitial. The three adsorption configurations are shown in Table 1. Atop1 and atop2 luminol molecules both began relaxation in a horizontal position above the carboxyl groups. Atop1 luminol was centred above a row of carboxyl groups, while atop2 luminol was situated at the same height, but above the gap between rows of carboxyl. Interstitial luminol began relaxation in between rows of carboxyl closer to the surface of graphene. Ultimately, both atop1 and atop2 luminol molecules ended up angling towards the carboxyl groups closest to their amine or NH edges. Most notably, the interstitial luminol ended up binding with the carboxyl groups and removing them off the graphene surface.



To compare the likelihood of adsorption at each site, the adsorption energy was calculated for all structures using Equation (1):


   E  a d s   =  E  l u m i n o l / C O O H – g r a p h e n e     −  E  l u m i n o l   −  E  C O O H – g r a p h e n e    



(1)




where    E  l u m i n o l / C O O H – g r a p h e n e       is the total energy of the system containing luminol and COOH-graphene,    E  l u m i n o l     is the total energy of the isolated luminol molecule, and    E  C O O H – g r a p h e n e     is the total energy of the isolated COOH-graphene; with all three structures relaxed to their minimum energy configuration. A negative    E  a d s     indicates that the formation of the combined luminol/COOH-graphene structure is exothermic, and therefore that adsorption will be energetically favourable.



   E  a d s     of the three adsorbed structures are given in Table 1. While the negative signs of    E  a d s     indicate that all three configurations are energetically favourable, the interstitial site is at least twice as energetically favourable as any of the atop sites. It is worth noting that the adsorption energy of luminol on bare graphene was found to be −0.97 eV, which means that carboxyl functionalization enhanced luminol adsorption regardless of its surface orientation. Due to its high energetic favourability and the prohibitive computational cost of such large DFT simulations, all further analysis will be limited to the interstitial adsorption configuration.



Beyond its favourable adsorption, the interstitial configuration is particularly interesting due to the likely formation of new bonds between luminol, and the surface carboxyl groups. Figure 1a shows close-up top and side views of interstitial luminol-COOH-graphene. The figure shows the formation of two new bonds between luminol and carboxyl (highlighted in green). When normalized per atom in luminol, the adsorption energy is in the order of 10 meV for the atop configurations and 100 meV for the interstitial configuration. This serves as the first piece of evidence that at least one of new bonds may be covalent, since the    E  a d s     range for physisorption does not typically exceed the 10 meV atom−1 order of magnitude.



Two more pieces of evidence for the covalent nature of the new bonds can be found in Figure 1b,c, showing the difference in electron charge density (∆r) and the difference in Bader charges in luminol upon adsorption, respectively. ∆r is defined in Equation (2) as:


  ∆ ρ =  ρ  l u m i n o l / C O O H – g r a p h e n e   −  ρ  l u m i n o l   −  ρ  C O O H – g r a p h e n e    



(2)




where    ρ  l u m i n o l / C O O H – g r a p h e n e     is the electronic charge density of the system containing luminol adsorbed to COOH-graphene,    ρ  l u m i n o l     is the charge density of the isolated luminol molecule, and    ρ  C O O H – g r a p h e n e     is the charge density of the isolated COOH-graphene surface; with the isolated luminol and COOH-graphene structures fixed at their respective configurations favoured upon adsorption. The carboxyl groups bonded to luminol are included in the    ρ  C O O H – g r a p h e n e     data grid.



Figure 1b shows that ∆ ρ  isosurfaces of ±0.2 eV Å−3, which are the highest visible isosurfaces in the data grid, are indeed localized around the bonding sites of carboxyl to luminol and their nearest neighbours. This can be quantitatively confirmed by the differences in Bader charges shown in Figure 1c. Most notably, the carbon in the carboxyl group bonded to luminol’s carbonyl has gained an additional +0.52e ionic charge following adsorption. This is a significant valence charge redistribution that suggests the formation of a new covalent bond. Noteworthy charge redistributions of −0.24e and +0.1e were also found in luminol’s carbonyl near the bonding site and another carbon atom at the bonding site with the other carboxyl group. In general, while Figure 1b shows where the strongest charge redistribution is localized, Figure 1c confirms the presence of covalent bonds with at least one of the carboxyl groups and serves as a heat map for charge reorganization within luminol’s molecular orbitals upon bonding with carboxyl.



Beyond the characterization of bonds and charge reorganization, understanding the electrochemical behaviour of CpLum COOH-graphene requires investigating the influence of this carboxyl modification on the electronic structure of luminol. Figure 2 compares the projected Density of States (pDOS) produced through the linear combination of atomic orbitals in the luminol species adsorbed to pure graphene versus to COOH-graphene. Simulations for luminol on pure graphene were purpose-built for this work to provide benchmark values for pDOS and were conducted using parameters and methods identical to those previously reported in the Methods Section 2.5. The figure shows significant qualitative and quantitative changes in electronic structure due to COOH-graphene adsorption. Most notably interaction with carboxyl groups created additional electronic states above the Valence Band Maximum (VBM) with peaks at 0.4 eV and 1.8 eV, which possessed higher DOS and reduced the HOMO-LUMO gap from 2.2 to 0.2 eV. This gap reduction with higher DOS may be the underlying cause of the improved performance exhibited by CpLum/COOH-CNT composites compared to CpLum/CNT [44].



It is important to note that these new energy bands forming closer to the VBM upon adsorption to COOH-graphene are an intrinsic change in the luminol’s molecular orbital structure, and not simply additional orbitals associated with the bonded carboxyl groups. A comparison between the pDOS in Figure 2 and that including the contribution of the carboxyl-modified luminol groups can be found in the supplementary material (Figure S1). The pDOS of luminol and carboxyl-modified luminol (interstitial) on COOH-graphene confirmed that only additional densities of states are introduced without altering the HOMO-LUMO gap (Figure S1). This highlighted the importance of the transition from pure graphene to COOH-graphene to reduce the HOMO-LUMO gap for luminol.




3.2. Material Surface Structure and Functionality Analysis


The surface morphology of CNT, CpLum/CNT, COOH-CNT and CpLum/COOH-CNT was investigated using SEM (Figure 3), which revealed tubular and open macropore structures. Following the CpLum coating, the comparison of Figure 3a vs. Figure 3b and Figure 3c vs. Figure 3d indicates similar morphology for the coated samples. The measured CNT tube diameters as summarized in Table 2 revealed an average CpLum coating of ca. 1.1 nm on CNT and a slightly thicker apparent coating of ca. 1.3 nm on CpLum/COOH-CNT.



To further probe the tube surface, TEM micrographs were acquired showing the ordered tube walls of the CNT in Figure 4a and coated in Figure 4b. The nm-thick coating in CpLum/CNT was seen to cover most of the CNT surface, which is consistent with previous observations by N’Diaye et al. [8]. The COOH-CNT had slightly disordered tube walls (Figure 4c), possibly due to the concentrated acid chemistry during COOH functionalization [45]. After the coating on these rougher, functionalized tube walls, the CpLum/COOH-CNT composite exhibited a thin layer of CpLum ca. 1–2 nm in thickness well distributed across the surface (Figure 4d).



The presence of the CpLum coating on CNT and COOH-CNT is confirmed with the XPS survey spectra (Figure 5a) as indicated by the N1s peak from CpLum [11]. A summary of the elemental compositions is provided in Table 3 where the intensities of the peaks were compared after normalization by the different cross-sections. On the substrates, COOH-CNT has a higher concentration of O species owing to the additional carboxyl functionalities present. Further evidence of coating was provided by the high-resolution O 1s peaks (Figure 5b–e). The singlet peaks of CNT (Figure 5b) and COOH-CNT (Figure 5c) highlighted the distribution of peaks from C-O (C-O-C and C-OH) and COOH groups (O=C-O and O=C-O) [46,47]. Thus, COOH-CNT possessed a total of ca. 3% of its surface oxygen in COOH groups, translating to ca. 4.4% carboxyl group coverage on the CNT surface. Following CpLum coating, the O 1s peaks for CpLum/CNT (Figure 5d) and CpLum/COOH-CNT (Figure 5e) exhibited doublets, which are the signatures of carbonyl group from quinoid (O=CQ) and benzoid (O=CBz) subunits in CpLum [8,11]. The similar atomic percentages of N 1s for CpLum/CNT and CpLum/COOH-CNT indicate an identical level of the CpLum coating. The deconvolution of the high-resolution N 1s peaks for CpLum/CNT (Figure 5f) and CpLum/COOH-CNT (Figure 5g) revealed the key O=C-N-H polymerization signatures which are comparable. Notably, the overall benzoid (reduced) subunits observed in the CpLum is relatively higher for CpLum/COOH-CNT than that for CpLum/CNT, possibly indicating a role in changing the electronic states in the composite [48]. The functional groups and bonds deconvoluted using high-resolution peaks are summarized in Table S1 with high-resolution C 1s peaks showing the rich-surface functionalities for CpLum/CNT and CpLum/COOH-CNT in Figure S2.




3.3. Electrochemical Analysis


The redox activity of CpLum on unfunctionalized CNT involves a pair of anodic and cathodic peaks at 0.66 V and 0.56 V, respectively at 100 mV s−1 (Figure 6a). For CpLum/COOH-CNT, the redox peaks were stronger than those of CpLum/CNT while maintaining their potentials with a comparable peak separation of 0.11 V (Figure 6b). CpLum/CNT had a capacity 86.2 ± 14.1 C cm−3, about 88% increase from the baseline CNT, whereas CpLum/COOH-CNT achieved 116.5 ±14.2 C cm−3, a ca. 115% increase in charge stored relative to bare COOH-CNT. This charge enhancement is more significant at lower scan rates as illustrated in Table S2. An analogous charge storage increase was observed in the literature by Liu et al. for COOH-functionalized GO with PANI due to strong π-π interactions between the carboxyl groups on GO and PANI [49]. Similarly, Chaabani et al. observed increased oxidation for ciprofoxacin on COOH-functionalized CNT on glassy carbon electrodes citing a decrease in interfacial charge-transfer resistance [50].



To investigate the redox peak kinetics, the anodic and cathodic peak currents as a function of sweep rate, v, and the square root of scan rate, v0.5, were plotted in Figure 6c,d for both CpLum/CNT and CpLum/COOH-CNT. Both composite electrodes had relatively linear responses up to 100 mV s−1, suggesting largely surface control and fast kinetics at these rates. At the higher scan rates, peak currents of both composites were proportioned linearity against v0.5, indicating of diffusion control as expected owing to the limitation of ion movement at high scan rates. The performance of charge stored at different rates is summarized in Figure 6e.



To study the redox peak kinetics and the mechanisms of charge storage, the peak current was further related to the scan rate via Equation (3) [51]:


  i = a  v b   



(3)




where i is the peak current,  v  is the scan rate, a is a constant, and b (or b-value) is the slope of the plot of log (i) vs. log ( v ). The b-value indicates which charge storage mechanism may be dominating: between 0.5 and 0.8 signifying diffusion-controlled (battery-type) processes; between 0.8 and 1 representing surface capacitive or electrical double layer (EDL) dominated processes. Across rates, the anodic and cathodic b-values for CpLum/CNT and CpLum/COOH-CNT (Figure 6f and Table S3) exceed 0.8. This indicates a combined surface capacitive and bulk diffusion (battery-type) but with the fast surface faradaic reactions and double-layer capacitive processes being more dominating.



Another approach to differentiate the diffusion and surface-controlled peak charge stored was proposed by Trasatti, which provided an approximate deconvolution of these components regardless of the peak shifting behaviour observed at higher scan rates [52]. The method involves a theoretical maximum charge stored (qT) at scan rates approaching zero. This maximum peak charge is estimated using the intercept (1/qT) of the line-of-best fit from the inverse charge or 1/q plot vs. v0.5 (Figure 7a). The surface capacitive or EDL contribution to the total charge stored, qS, can be derived from the charge, q, against v−0.5 plot with extrapolation from lower scan rates (Figure 7b). The deconvolutions of the diffusion-limited and surface-limited charges for CpLum/CNT and CpLum/COOH-CNT are summarized in Table 4. On top of higher redox peak current and charge storage on CpLum/COOH-CNT, it also possesses 86% surface-controlled peak charge, which is higher than that of CpLum/CNT (83%) counterpart. This comparison suggests a similar distribution of charge-storage mechanisms on both composites. However, the increased charge storage on CpLum/COOH-CNT does not compromise the fast reaction kinetics.



In addition to high charge storage and fast kinetics, energy storage applications require stability over several thousands of charge/discharge cycles. To investigate the stability, cycle life of CpLum/CNT and CpLum/COOH-CNT composites were compared (Figure 7c). The higher charge of CpLum/COOH-CNT is also marginally better retained than that of the CpLum/CNT over long cycles. This indicates the stability of the composite is higher with COOH- functionality on CNT substrate.



Although there are no significant apparent differences in surface morphology (Figure 3) and only 4.4% of COOH groups on the surface (Table 2), there is a distinguished difference in the charge storage capability and stability. The increased charge storage occurs while slightly increasing the percentage of surface capacitive processes and maintaining fast kinetics. This may be attributed to the energetically favoured luminol deposition and smaller HOMO-LUMO band gap of CpLum/COOH-CNT predicted from the DFT models.





4. Conclusions


The effects of surface carboxyl groups on CNT on the behaviour of CpLum/CNT composites were investigated by the first principles, surface morphology and chemical composition as well as electrochemical analyses. First-principles DFT calculations predicted significantly more stable adsorption energies and a reduced HOMO-LUMO gap (2 eV to 0.2 eV) for three different luminol positions on COOH-graphene relative to that of luminol on pure graphene which could promote electrochemical redox activity. The thin, surface coating of CpLum/CNT (ca. 1.1 nm thick) and CpLum/COOH-CNT (ca. 1.3 nm thick) was confirmed with SEM/TEM analysis, with further surface elemental evidence provided by XPS.



Electrochemical analyses showed that while both composites had significant increases in charge storage over their CNT baselines, the CpLum/COOH-CNT had higher charge storage (ca. 35%), better rate performance and longer cycle life than that of CpLum/CNT. Further, b-value analysis and Trasatti’s method showed similar surface control dominated processes in CpLum/CNT and CpLum/COOH-CNT, suggesting both fast surface redox processes and double-layer capacitance occurring with marginally higher b-values and surface-controlled peak charge for CpLum/COOH-CNT.



The work has demonstrated that even small quantities of surface carboxyl groups can be leveraged to improve the charge storage of organic redox active coatings on composites, as they can provide desirable electronic interactions. These results underline the importance of considering the effect of surface functionalities on carbon materials and tuning them when designing redox active composites for charge storage.
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Figure 1. (a) Schematic of side (left) and top (right) views of the structural arrangement of luminol adsorbed on COOH-graphene in the interstitial configuration, (b) 3D difference charge density plot of luminol adsorbed on COOH-graphene corresponding to the ±0.2 eV/Å3 isosurface. Blue and red wire mesh surfaces correspond to regions of electron accumulation and depletion, respectively. (c) Most significant differences in Bader ionic charges following adsorption and chemical modification of luminol. A positive value indicates an increase in positive ionic charge, and vice versa, in units of fundamental charge (e). 
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Figure 2. A comparison between the pDOS of luminol adsorbed to pure graphene and to COOH-graphene with a significant decrease in the LUMO indicated by the blue arrow. 
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Figure 3. SEM micrographs of (a) CNT, (b) CpLum/CNT, (c) COOH-CNT and (d) CpLum/COOH-CNT. 
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Figure 4. TEM images of (a) CNT, (b) CpLum/CNT, (c) COOH-CNT, and (d) CpLum/COOH-CNT. 
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Figure 5. (a) XPS survey of CNT, COOH-CNT CpLum/CNT and CpLum/COOH-CNT, high-resolution spectra of (b) CNT O 1s, (c) COOH-CNT O 1s, (d) CpLum/CNT O 1s, (e) CpLum/COOH-CNT O 1s peak, (f) CpLum/CNT N 1s peak, and (g) CpLum/COOH-CNT N 1s peak. The raw data (purple), the fit envelope (teal) and baseline (blue) has been included. 
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Figure 6. Cyclic voltammograms of (a) CNT vs. CpLum/CNT, (b) COOH-CNT vs. CpLum/COOH-CNT, peak currents varying across (c) scan rate, v and (d) v0.5, (e) rate performance for CNT, CpLum-CNT, COOH-CNT and CpLum/COOH-CNT, (f) log cathodic peak current vs. log v plot revealing cathodic b-values for CpLum/CNT and CpLum/COOH-CNT. 
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Figure 7. Comparing CpLum/CNT and CpLum/COOH-CNT (a) inverse peak charge vs. v0.5, (b) peak charge vs. v−0.5, (c) comparison of CpLum/CNT vs. CpLum/COOH-CNT using volumetric charge after cycling 5000 cycles at 1 V s−1, with measurements of 100 mV s−1 at 1000 cycle intervals. 
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Table 1. A comparison of the adsorption energies of the three favourable adsorption sites for luminol on COOH-graphene. All three sites are more energetically favourable than luminol adsorption to bare graphene with Eads = −0.97 eV.
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    E  a d s   = − 1.19   eV   

	
    E  a d s   = − 1.88   eV   

	
    E  a d s   = − 3.58   eV   
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Table 2. Diameters of the CNT samples measured from SEM micrographs.
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	CNT (nm)
	COOH-CNT (nm)





	Bare
	16.7 ± 3.3
	16.5 ± 3.4



	CpLum-coated
	18.9 ± 3.2
	18.9 ± 3.7
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Table 3. Elemental survey normalized atom percentages of C1s, O1s and N1s.
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	Element
	CNT

[%]
	CpLum/CNT

[%]
	COOH-CNT

[%]
	CpLum/COOH-CNT

[%]





	C1s
	98.1 ± 0.2
	84.0 ± 4.7
	93.2 ± 2.2
	83.3 ± 4.9



	O1s
	1.9 ± 0.2
	5.9 ± 1.8
	6.8 ± 2.2
	6.7 ± 2.1



	N1s
	-
	10.1 ± 3.2
	-
	10.0 ± 2.8
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Table 4. Summary of surface- and diffusion-controlled contributions to peak charge for CpLum/CNT and CpLum/COOH-CNT.
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	Material
	Total Peak Charge, qT (C cm−3)
	Surface-Controlled Charge, qS (C cm−3)
	Diffusion-Controlled Charge, qD (C cm−3)





	CpLum/CNT
	38.8
	32.3
	6.6



	CpLum/COOH-CNT
	53.1
	45.5
	7.6
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
e n

150
190,
130,
120
1o,

S o

g o

0

n

&

ES

“

0

Py

0

°

Volumetric charge

)

|
.
I

= CpLum/ONT
4 CpLum/COOH-CNT

803%]|

* . o 755%)

100 mVs”|

20 | w0 a0 500
Cycles (1Vs)






media/file4.png
T
2.4 - —_
. luminol on
o pure graphene
21.6- y
& luminol on
L 27 COOH-graphene
LW g -
0.4 - e
“04 ~— T | | I

0 2

4

6

8

Density of states (state eV cell™)

10





nav.xhtml


  chemistry-04-00103


  
    		
      chemistry-04-00103
    


  




  





media/file16.png
d





media/file2.png
eC e
a) Modified luminol Side view Top view






media/file5.jpg





media/file3.jpg
\.
luminol on

20
pure graphene
=164 "
2 luminol on
ui 21 COOH-graphene
W g /
0.4+
0.0 —__Valence band maximum (VBM) _ _ _ _ _ _ _ _ _ _
o —>-
) 2 4 6 8 10

Density of states (state eV' cell")





media/file1.jpg
COOH-graphene

a) 82 [ Modified luminol
0
oN

b)





media/file7.jpg
AN CoLum/CNT -






media/file10.png
Intensity (a.u.)

Q.
~

Intensity (a.u.)

50 .

O1s N1s

A CpLum/COOH-CNT §

C1s

40 -

CpLum/CNT
30

20

Intensity (a.u.)

COOH-CNT

CNT

A
A

|

B PO II aen Ry e

T

550 500 450 400

350 300 250

Binding energy (eV)

30 -

N
[+
1

N
(o]
1

n
b
1

CNT

22 ol

20

O1s

c)

32 4

30 +

34
JCOOH-CNT

540

42

T I I
534 532 530

Binding energy (eV)

T
536

CpLum/CNT

T T T T
538 536 534 532

Binding energy (eV)

T
530

T
528

1CpLum/COOH-CNT
. HN— N

0=Cq,
Quinoid

T T T T
534 532 530 528

Binding energy (eV)

: |
536 526

2
1 CpLum/CNT
0

5:';4 5:'32
Binding energy (eV)

I I
538 536

T
530

T
528

526

N 1s

52

32 4
28 -
24
20 -

1CpLum/COOH-CNT

N 1s

o
403

L]
402

] I Ll M
401 400 399 398 397

Binding energy (eV)

404

401 400
Binding energy (eV)

e S
403 402

o
399

o
398

396





media/file12.png
——CNT
—— CpLum/CNT

100 mV s’

0?0 072 V 0f4 ' 0?6 ' ; 1.0
Potential vs Ag/AgCI (V)

o
1

-1000 -

Peak current (A cm™)

-2000 -~

-3000 -~

= CpLum/CNT

o CpLum/COOH-CNT ENDRENG

Cathodic

T T T
400 600 800

Scan rate (mV s™)

160

140 -

(C cm?)
@ & B
o o o
1 i 1 1

D
o
1

Volumetric charge
o

N
o
I

o

—a— CNT

—e— CpLum/CNT

—a— COOH-CNT

—v— CpLum/COOH-CNT

P\;'

o

T T T T
200 300 400 500

Scan rate (mV s™)

100

—— COOH-CNT
—— CpLum/COOH-CNT

100 mV s

OTO 0?2 ' 074 ‘ 0?6 v 1.0
Potential vs Ag/AgCl (V)

d)

Peak current (A cm™)

® CpLum/CNT Anodic

A CpLum/COOH-CNT

L 4

Cathodic

Ll

6 8 10 12 14 16 18 20 22 24 26 28 30 32

v0.5 (mv05 s-O,S)

T
4

4 CpLum/COOH-CNT

= CpLum/CNT ) b
| X av

v T T T b T b T hd T A T T .
-14 12 10 -08 -06 -04 -02 00 0.2
log [v (Vs™)]





media/file9.jpg





media/file0.png





media/file14.png
Peak charge (C cm™)

= CpLum/CNT b) OO T GoLum/oNT
1 & CpLum/COOH-CNT qs= 455 A A CpLum/COOH-CNT
50 - B R
e i 5 o
A A T 0034 - el e BT -
0 . =323 S o i & 1/q;=0.0257
----------- o
B B " Py N nmmBemmm T 4
o g s e S g . 1/y=0.0194
. S
L4
20 - 8
&
~ 0.01 4
104
0 L} L) L) Ll T 000 T Ll . L)
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0 10 15 20
v-O.S(mv-O.S sO.S) VO.S (mvo5 s-O.S)
150 .
140 —a— CpLum/CNT
130 4 —A— CpLum/COOH-CNT
~1204| T~ |
aise | M S
£ 110 - J - \~k‘1\ | 80.3%
e i ‘ e e
O 100-. l |
© 94 .
o . 11—
5 804
-S 70 il —— i !‘ R I 75.5 %
5 y —.—— .
‘= 604
£ 50
S |
5 40 ]
-~ 304
20 4
10 100 mV s
0 I I I 1 1 = 1
0 1000 2000 3000 4000 5000

Cycles (1Vs™)

25





media/file8.png
CpLum/CNT

>

CpLum !’f :-
Iayer/;:

4
4

~

3] COOH-CNT

; S — = -1 - - 3






media/file11.jpg
enmcoonenr

—ar b)

Coren ko)
et r )
GébBiEeoazzanuy

KbBysiaonsaanEs

&

| pesamman)
$§8s . 8888

ey

0 e twae _t

e !






media/file6.png





