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Figure 1.2. (a) Electronic transition in (left) Type-I and (right) Type-II molecular 

orbital energy level aligned organic functionalized SiQDs hybrid systems. (b) HOMO 

(red) and LUMO (green) isosurfaces from TDDFT analysis of a 3.1 nm Si849H344 QD 

capped by (left) only hydride and (right) by hydride and four MeOTPA ligands. 

Isosurfaces are for a fixed value of the absolute value of electron orbitals, 0.009 Å−3/2. 

(c) Left: absorption and right: PL spectra of MeOTPA and decyl-passivated SiQDs in 

dichloromethane solutions.  

Figure 1.3. (a) EOOH*~EOH* linear relation for ORR. The data points from regular 

carbon sites follow the linear relation (red line), whereas the two data points beyond 

the linear range represent single-atom Fe centers of FeN4. (b) ECHO*~ECO* linear 

relation for CO2RR, where SACs (blue circles) are situated beyond the linear range for 

metal (211) surfaces (black dots). 

Figure 1.4. Experimental results of exchange current density (j0) of HER over different 

metal surfaces plotted as a function of calculated Gibbs free energy of hydrogen 
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different hybrids. (e) LDOS of a H atom adsorbed on the active sites of various hybrids. 

(f) Schematic illustration of H-C bonds formation on the hybrids. 

Figure 1.6. Influence of surface morphology and electronic surface properties on the 

kinetics of ORR. The specific activity of kinetic current densities of ORR on Pt3Ni(hkl) 
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from rotation ring disk electrode (RRDE) measurements in 0.1 M HClO4 at 333 K with 

a rotation rate of 1600 rpm at 0.9 V versus RHE (reversible hydrogen electrode). Values 

of d-band center position of each morphologic surfaces were obtained from ultraviolet 

photoemission spectra (UPS). 

Figure 1.7. (a) ORR polarization curves of the Pt−Ar−R nanoparticles and commercial 

Pt/C catalyst in an O2-saturated 0.1 M HClO4 solution at room temperature. Electrode 

rotating rate: 1600 rpm; potential scan rate: 10 mV/s. (b) Variation of the ORR specific 

activity (jk at +0.90 V) with Hammett substituent constant (σ). Blue dotted line denotes 

the ORR activity of commercial Pt/C catalysts. 
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Figure 1.8. (a-b) Representative TEM images of GQD-supported Pt nanoparticles. 

Scale bar is 20 nm in panel (a) and 5 nm in panel (b). Inset in panel (a) shows the 

nanoparticle core size histogram. Yellow lines in panel (b) highlight the lattice fringes, 

and white arrows indicate the halos surrounding the Pt nanoparticles. (c-d) RRDE 

voltammograms of a glassy carbon electrode loaded with (c) Pt/C or (d) Pt/GQD 

nanoparticle catalysts in an oxygen-saturated 0.1 M HClO4solution with a scan rate of 
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Figure 2.2. XPS profiles of M-EPA. (a-b) Metal 3d specta of 4d metals ((i) RuEPA, (ii) 

RhEPA and (iii) PdEPA) and the correpsonding carbon 1s spectra. (c-d) Metal 4f spectra 

of 5d metals ((iv) IrEPA, (v) PtEPA, (vi) AuEPA) and the corresponding carbon 1s 

spectra. 

Figure 2.3. FTIR spectra of M-EPA nanoparticles in the range of 2700 to 3200 cm-1. 
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Figure 2.4. (a-b): UV-vis and PL spectra of M-EPA nanoparticles of (a-b) 5d metals (Ir, 

Pt and Au) and (c-d) 4d metal (Ru, Rh and Pd) in CHCl3. The PL intensity has been 

normalized to the optical density at the respective excitation wavelength. 
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Scheme 3.1. Schematic diagram of the synthesis of SiEFc and SiVFc nanoparticles. 

Figure 3.1. Representative TEM micrographs of SiEFc nanoparticles. Scale bars are (a) 

10 nm and (b) 2 nm. Inset is the core size histogram.  

Figure 3.2. UV-vis spectrum of SiEFc nanoparticles in toluene. a is the absorbance 

and hn is the photon energy. Dashed line is the linear extrapolation to the x-axis. Inset 

is the excitation and emission spectra of the same nanoparticle solution. 

Figure 3.3. FTIR spectra of EFc monomers, SiEFc and SiVFc nanoparticles. 

Figure 3.4. (a) XPS survey spectrum of SiEFc nanoparticles, and high-resolution scans 

of the corresponding (b) Si2p, (c) Fe2p and (d) C1s electrons. Spiky curves are 
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curves are the deconvolution fits of the voltammograms acquired under UV 

photoirradiation. 

 

Chapter 4 

Figure 4.1. (a) Schematic illustration of four organically functionalized TiO2 
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(b−c) Representative TEM images of TiO2-HC8 nanoparticles and (d) the 

corresponding core size histogram. 
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spectra of TiO2-HC8 and TiO2-EPy nanoparticles in CD2Cl2. (c) Configuration of the 

TiO2-alkyne interface, with the atoms in blue for Ti, red for O, brown for C, and white 

for H. Inset is the overall configuration of a five-layer TiO2 model with symmetric 

ligands on the surface. 

Figure 4.3. (a) UV-vis spectra of TiO2-HC8. Inset is the corresponding Tauc plot, where 

α is the absorbance and hn is the photon energy. (b) SSPL spectra of TiO2-HC8 at 

various excitation wavelengths. The shadowed ones represent maximal emissions at 

select excitation wavelengths. (c) Schematic illustration of the band structure of TiO2-

HC8 based on the SSPL results. (d) Total density of states (TDOS) plot of TiO2-C≡C-

CH3 (black curve) and projected density of states (PDOS) plot of the 2p orbitals of C2 
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(red), C1 (green), and O (blue) atom, and the 3d orbital of the Ti (pink) atom. The 

corresponding energy-resolved charge density distributions are included in panel (e) 

for zone I, panel (f) for zone II, panel (g) for zone III, and panel (h) for zone IV. The 

isovalue is 0.1 e/au3 for panels (e) and (h), and 0.005 e/au3 for panels (f) and (g). 

Figure 4.4. Total density of states (TDOS) and interfacial configurations of a pristine 

TiO2 slab, and a slab functionalized with carboxy (-COOH), alkyne (-C≡C-), and 

alkane (-CH2-CH2-) ligands. 

Figure 4.5. Charge transfer between ligand and TiO2 slab: (a) TiO2-alkyne (b) TiO2-

carboxy. The cyan area indicates electron loss and yellow area indicates electron gain. 

The isosurface value is 0.003 e/au3. 

Figure 4.6. Optimized geometrical structures by CDFT calculation of (a) Ti(OH)3-O-

C≡C-CH=CH2, and (b) Ti(OH)3-OOC-CH=CH2. The extra electron is placed and 

localized on -CH=CH2 and -Ti(OH)3, respectively, for the calculations of electronic 

coupling (Hab) between the two sites. Within CDFT, an external potential is added to 

the self-consistent potential entering the Kohn-Sham equations, and its strength is 

varied self-consistently in order to localize a desired integer number of charges N0 on 

a specified site. Inset shows the potential energy surface of charge transfer from TiO2 

to ligand (e.g., EPy) through an anchor group (i.e., -COO- or -C≡C-). Hab is the 

electronic coupling between TiO2 and ligand EPy, which is larger with -C≡C- than with 
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-COO- and results in a lower barrier WH for excited electron or hole transfer from TiO2 

to EPy.  

Figure 4.7. Charge transfer between ligands and metal oxide slabs: (A) ZnO-alkyne, 

(B) RuO2-alkyne, (C) ZnO-carboxy, and (D) RuO2-carboxy. The cyan area indicates 

electron loss, and yellow area indicates electron gain. The isosurface value is 0.003 

e/au3.  

Figure 4.8. (a) UV/Vis spectrum of TiO2-eFc nanoparticles in CHCl3; α is the 

absorbance and hv is the photon energy. Dash lines are the linear extrapolation to the x 

axis. Inset is the proposed surface structure of the TiO2-eFc nanoparticle. (b) The 

excitation (dash) and emission (solid) spectra of TiO2-eFc nanoparticle in CHCl3 

recorded at different excitation wavelength and emission wavelength. 

Figure 4.9. SWVs of the as-prepared TiO2-eFc nanoparticle (2 mg/mL) at a gold 

electrode in 0.1 M TBAP in CHCl3 recorded at different condition. (a) In dark. (b) 

Under 254 nm UV photoirradiation. (c) Under 365 nm UV photoirradiation. Increment 

of potential 2 mV, amplitude 25 mV, frequency 15 Hz. 

Figure 4.10. (a) UV-vis spectra of monomeric EPy, TiO2-HC8, and TiO2-EPy. Inset 

shows the corresponding Tauc plots. (b) Normalized steady-state excitation and 

emission spectra of monomeric EPy, TiO2-HC8, and TiO2-EPy. (c) Schematic 

illustration of the charge transfer process at the Ti-O-C≡C-Py interface. (d) TRPL decay 
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profiles of monomeric EPy, TiO2-HC8 and TiO2-EPy. The grey curve is the background 

of the instrument response function (IRF). Symbols are experimental data and solid 

curves are exponential fits. The fitting results are summarized in the inset table. (e) UV-

vis spectra of a MB solution before and after UV photoirradiation for 15 min using 

TiO2-EPy or TiO2-PyCA as catalysts. The inset shows the photographs of the solution 

at different times (in min). (f) Variation of MB peak absorbance with photoirradiation 

time. Symbols are experimental data and lines are linear regressions. 
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Figure 5.1. (a) Schematic structure of C3N4-Ru nanosheets. (b) Representative TEM 

image of C3N4-Ru-F. EDX images of various elements in C3N4-Ru-F with the scales 

bar of 50 nm: (c) C, (d) N, (e) Ru, (f) Cl. (g) Representative AFM topograph of C3N4-

Ru-F with a scale bar of 200 nm. (h) Height profiles of the line scans (a) and (b) in 

panel (g). (i) Histogram of the thickness of C3N4-Ru-F nanosheets based on the AFM 
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resolution XPS spectra of (b) Cl 2p, (c) C 1s and Ru 3d, and (d) N 1s electrons. Black 

curves are experimental data and colored curves are deconvolution fits. 
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Figure 5.5. (a) Polarization curves of HER on various electrocatalysts in 0.5 M H2SO4. 

(b) Corresponding Tafel plots derived from panel (a). (c) Cyclic voltammograms within 

the range of +0.1 to +0.2 V where no faradaic reaction occurred at difference scan rates. 

(d) Variation of the double-layer charging currents at +0.15 V versus scan rate. (e) 

Nyquist plots collected at the overpotential of -50 mV. Inset is the equivalent circuit of 

the electrocatalyst-modified electrode, where Rs is (uncompensated) resistance, Rct is 

charge-transfer resistance and CPE is constant-phase element (equivalent to Cdl). (f) 

The 1st and 1000th cycle of HER polarization curves on C3N4-Ru-F in the stability test. 

Figure 5.6. The HER performance of the control samples. As indicated in the insert 

chart, h10 of C3N4-M complexes (M=Co, Fe, Cu or Ni) are all very close to pure C3N4 

but much larger than C3N4-Ru-F. This reflected that the performance of the controlled 
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is the full plot of C3N4. (d) Mott-Schottky plots of the various electrocatalysts collected 
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INTERFACIAL CHARGE TRANSFER OF FUNCTIONAL 
NANOMATERIALS: MANIPULATION OF ELECTRONIC STRUCTURES 

AND ELECTROCATALYTIC ACTIVITIES 

Yi Peng 

ABSTRACT 

Electronic structures of the nanomaterials play an essential role in the applications 

in catalysis because all the catalytic reactions are involved in the adsorption/desorption 

of reactants, intermediates and products which can be described by the Gibbs binding 

energies. My dissertation research focused on fundamental studies of the interfacial 

charge transfer of functional nanomaterials and use them to manipulate the electronic 

structure in electrocatalysis design.  

My first work (Chapter 2) studied the intraparticle charge delocalization via the 

conjugated metal-ligand interfacial bonds. In this study, metal nanoparticles of 5d 

metals (Ir, Pt, and Au) and 4d metals (Ru, Rh, and Pd) were prepared and capped with 

ethynylphenylacetylene and the impacts of the number of metal d electrons on the 

nanoparticle optoelectronic properties were examined and found that intraparticle 

charge delocalization was enhanced with the increase of the number of d electrons in 

the same period with palladium being an exception. Whereafter, we extended similar 

chemistry to semiconductor nanoparticles, including silicon nanoparticles (SiNPs, 

Chapter 3) and titanium dioxide nanoparticles (TiO2, Chapter 4). Firstly, stable SiNPs 



 

 xxii 

were functionalized by ethynylferrocene as capping ligands by taking advantage of the 

unique chemical reactivity of acetylene moieties with silicon hydride on the 

nanoparticle surface, forming Si-CH=CH- interfacial bonds under UV photoirradiation. 

Electrochemically, the nanoparticles exhibited only one pair of voltammetric waves in 

the dark, suggesting a lack of effective electronic communication between the particle-

bound ferrocenyl moieties, because of the low conductivity of the nanoparticle cores; 

whereas, under UV photoirradiation (365 nm), two pairs of voltammetric peaks were 

observed, with a potential spacing of 125 mV, suggesting that the nanoparticles behaved 

analogously to a Class II compound. This was ascribed to photo-enhanced electronic 

conductivity of the nanoparticle cores that facilitated intervalence charge transfer of the 

particle-bound ferrocene moieties. In the case of TiO2, it was first time functionalized 

by n-alkyne ligands such as octyne (HC8), ethynylferrocene (EFc), and ethynylpyrene 

(EPy). Experimental studies and first-principles calculations suggest the formation of 

M-O-C≡C- core-ligand linkages that lead to effective interfacial charge delocalization, 

in contrast to hopping/tunneling by the conventional M-O-CO- interfacial bonds in the 

carboxyl-capped counterparts. This results in the formation of an interfacial state within 

the oxide bandgap and much enhanced sensitization of the nanoparticle 

photoluminescence emissions as well as photocatalytic activity, as manifested in the 

comparative studies with TiO2 nanoparticles functionalized with EPy and 
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pyrenecarboxylic acid (PyCA). Furthermore, when TiO2 nanoparticles were 

functionalized by EFc, the photo-gated intervalence charge transfer was observed due 

to the photo-enhanced electrical conductivity of the TiO2 cores that served as part of 

the chemical linkage bridging the ferrocenyl moieties. These results highlight the 

significance of the unique interfacial bonding chemistry by acetylene anchoring group 

in facilitating efficient charge transfer across the metal and semiconductor nanoparticle 

interfacial linkage and hence the fundamental implication in their practical applications. 

Another series of my research is to use the charge transfer engineering we learned 

about to design electrocatalysts. Firstly, a new type of HER catalysts (Chapter 5) was 

developed where ruthenium ions were embedded into the molecular skeletons of 

graphitic carbon nitride (C3N4) nanosheets of 2.0 ± 0.4 nm in thickness taking 

advantage of the strong affinity of ruthenium ions to pyridinic nitrogen of the tri-s-

triazine units of C3N4. Significantly, the Ru-C3N4 hybrid materials exhibited apparent 

electrocatalytic activity towards HER with an overpotential of only 140 mV to achieve 

the current density of 10 mA/cm2, a low Tafel slope of 57 mV/dec, and a large exchange 

current density of 0.072 mA/cm2. This suggests the activity was most likely due to the 

formation of Ru-N moieties where the synergistic interactions between the carbon 

nitride and ruthenium metal centers facilitated the adsorption of hydrogen. This was 

strongly supported by results from density functional theory calculations. Subsequently, 
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ruthenium ions are incorporated into graphitic carbon nitride/reduced graphene oxide 

(rGO) hybrids forming Ru-C3N4/rGO (Chapter 6) composites through Ru-N 

coordination bonds with a Ru ions loading of 1.93 at.%. The introducing of Ru ions 

leads to electron redistribution within the materials and dramatically enhances the HER 

performance, as compared to C3N4, C3N4/rGO, and Ru-C3N4, with an overpotential of 

only -80 mV to reach the current density of 10 mA/cm2, a Tafel slope of 55 mV/dec, 

and an exchange current density of 0.462 mA/cm2. This performance is highly 

comparable to that of Pt/C, and ascribed to the positive shift of the conduction band of 

the composite, where the charge carrier density increases by a factor of about 250 over 

that of C3N4, leading to a lower energy barrier of hydrogen evolution. Beside C3N4, 

black phosphorus was also chosen as a supporting substrate for metal nanoparticles 

because of the unique electronic structure which has a lot of lone pair electrons. In this 

case (Chapter 7), thin-layered black phosphorus (TLBP) was used as a unique 

supporting substrate for the deposition of metal nanoparticles (MNPs, M = Pt, Ag, Au), 

and the interfacial charge transfer from TLBP to MNPs was confirmed by X-ray 

photoelectron spectroscopic measurements and density functional theory calculations. 

In comparison to the carbon-supported counterparts, Ag-TLBP and Au-TLBP showed 

enhanced ORR performance, while a diminished performance was observed with Pt-

TLBP. This was consistent with the predictions from the “volcano plot”. Results from 
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this study suggest that black phosphorus can serve as a unique addition in the toolbox 

of manipulating electronic properties of supported metal nanoparticles and their 

electrocatalytic activity. 
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1.1 Surface Functionalization of Functional Nanoparticles 

Transition-metal and semiconductor nanoparticles represent a unique class of 

functional nanomaterials that have found diverse applications, such as catalysis, 

optoelectronics, bioimaging, and biodiagnosis.1-3 Of these, semiconductor 

nanoparticles include a wide range of materials, such as pure elements of silicon and 

germanium, and compound semiconductors of transition-metal oxide, chalcogenide, 

nitride, and carbide.4-5 Analogous to their metallic counterparts, semiconductor 

nanoparticles are generally stabilized with select organic capping ligands involving a 

range of interfacial linkages.6-7 Such surface passivation enhances the dispersibility of 

the nanoparticles in controlled media and can lead to ready manipulation of the 

materials properties, such as hydrophobicity/hydrophilicity, surface charge (zeta 

potential), optical characteristics, catalytic performance, and so on. Thus, the selection 

of surface passivation ligands is important for both fundamental research and practical 

applications.8-12 

A diverse range of surface capping ligands have been used, ranging from small 

molecules to metal complexes and to polymeric matrices, involving physical adsorption 

or chemical bonding.6, 13-16 In physical adsorption, the driving force entails van de 

Waals interaction, electrostatic interaction，and/or hydrogen bonding between the 
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semiconductors and capping ligands.17-21 By contrast, chemical bonding is far more 

stable, which can be achieved with a various of anchoring groups. It should be noted in 

these earlier studies, the semiconductor nanoparticle-ligand interactions entail mostly 

non-conjugated linkages, which significantly limits the electronic coupling between the 

nanoparticle core and functional moieties of the capping ligands. Thus, a large amount 

of energy is needed to induce charge transfer across the interface.22-23 

One immediate question arises. Will it be possible to functionalize semiconductor 

nanoparticles with conjugated interfacial bonds? Prior research has shown that when 

(transition) metal nanoparticles are capped with conjugated metal-ligand bonds, 

effective intraparticle charge transfer occurs between nanoparticle-bound functional 

moieties, leading to the emergence of new optical and electronic properties that are 

analogous to those of their dimeric counterparts.24 Recently, it has been shown that such 

interfacial chemistry can be extended to various semiconductor nanoparticles, such as 

silicene and titanium dioxide nanoparticles. 

Over all, breakthroughs from recent studies have shown that intraparticle charge 

transfer of semiconductor nanoparticles can be enhanced with conjugated core-ligand 

interfacial linkages, akin to metal counterparts. This can be achieved by using olefin 

and acetylene derivatives as the capping ligands, where the reduced interfacial 

impedance facilitates electronic coupling between the organic ligands and nanoparticle 
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cores. Such unique interfacial chemistry can be exploited as an effective addition to the 

tool box for nanoparticle surface functionalization and structural engineering, a critical 

step towards their diverse applications. 

This raises an immediate, interesting question. Will the same chemistry be 

applicable to other semiconductor nanoparticles, such as metal chalcogenides, nitrides, 

and carbides? Note that these semiconductor nanoparticles have also found a wide 

range of applications, where a fundamental understanding of the mechanistic control 

of their optical and electronic properties plays an indispensable role.25-26 Development 

of effective chemistries for the deliberate surface functionalization represents a key 

strategy. This will be the focus of ongoing studies. 

Metal nanoparticles. Traditionally, metal nanoparticle could be capped by a 

variety of organic ligands, such as thiols forming a metal-thiolate bond (M-S), 

carboxylic acid forming a metal-carboxylate bond (M-O), etc.27-32 Among them 

mercapto derivatives have been widely used for nanoparticle surface functionalization 

due to the strong affinity of their thiol group to metal surfaces.33 Nevertheless, one may 

note that these interfacial bonds are all non-conjugated. On the other hand, our group 

developed a large amount of conjugated interfacial bonds such as metal-phenyl bond 

(M-C6H4R), metal carbene bond (M=C), metal-acetylide bond (M-C≡C), and metal-

nitrene bond (M=N),24, 34-49 which showed more interesting properties. Specifically, due 
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to the formation of conjugated metal-carbon interfacial bonds, interfacial charge 

delocalization occurs because of the dπ−pπ interaction between metal nanoparticle 

cores and the organic ligands. As a result, the interfacial charge transfer resistance was 

decreased and the electrical conductivity was enhanced. For instance, the solid film of 

Ru nanoparticles passivated by Ru-C6H4-R interfacial bonds exhibited an enhanced 

electrical conductivity compared to the ones capped by mercapto derivatives.50 More 

interestingly, the Ru nanoparticles exhibited a decrease of the ensemble conductivity 

with temperature increasing in the range of 80-300 K, which was a characteristic feature 

of metallic materials. Similar observations were also found in the organic ligands 

capped metal nanoparticles with conjugated interfacial bonds such as Ru=C, Ru-C≡, 

Pt-C≡, Ru=N.41, 47, 51-52 Besides, some new optical, electronic and electrochemical 

properties were also emerged due to the efficient intraparticle charge delocalization at 

the interface.40-42, 53 For instance, the 1-vinylpyrene capped ruthenium nanoparticles 

(Ru=VPy) showed two emission bands which are similar to that of the dimer 

counterpart of pyrene, indicating that the particle bound pyrene moieties behave 

equivalently to the pyrene dimer because of the intraparticle charge delocalization via 

the conjugated interfacial bonds of the Ru=carbene π bonds. However, when the 

conjugated interfacial bonds were separated by a single bond, forming a Ru=CH-CH2-

Py interfacial structure, only one single emission band were observed at 392 nm on the 
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final functionalized nanoparticle, which is consistent with the feature of monomeric 

pyrene derivatives.42 In addition, the intervalence charge transfer (IVCT) of metal 

nanoparticles such as Ru, Pd, Pt functionalized by ferrocenyl moieties have been 

extensively studied.39-40, 45 For example, Hu and coworkers45 studied two types of 

platinum nanoparticles functionalized by ethynylferrocence (eFc) and one of them is 

subnanometer-sized NPs (Pt10eFc) with a semiconductor-like characteristic band gap 

of 1.0 eV while the other one is about 2 nm (Pt314eFc) without any band gap. Square-

wave voltammetric measurements exhibited two pairs of redox peaks owing to the so-

called IVCT between the ferrocenyl groups on the nanoparticle surface, while the Pt10-

eFc was weaker than that of Pt314eFc due to the semiconducting-like nature (lower 

electrical conductivity). Interestingly, the sub-nanometer one could be improved by UV 

photoirradiation owe to the enhanced nanoparticle electronic conductivity. 

Elemental Semiconductor Nanoparticles. Silicon is a remarkable 

semiconductor and has been widely used in electronics, optics, and photovoltaics.54-58 

For nanosized silicon, it shows tunable novel optical and electronic properties, where 

surface functionalization plays a critical role. In early studies,59-60 porous silicon is 

readily functionalized with  alkenes/alkynes through ethylaluminum dichloride 

(EtAlCl2) mediated hydrosilylation. Similar surface chemistry has also been employed 

to stabilize and functionalize silicon nanoparticles by the formation of Si-C, Si-C=,60-
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68 and Si-C≡69 interfacial bonds, in addition to other covalent linkages, such as Si-O,70 

Si-N,71-72 and Si-halide.73 

Experimentally, to covalently functionalize silicon (including Si nanoparticles, 

silicene quantum dots, etc), the silicon surface is in general activated by chemical 

etching to produce silicon-hydride moieties (Si-H). When the hydrogenated Si surface 

is exposed to olefin and acetylene derivatives, surface hydrosilylation occurs under 

relatively mild conditions, such as UV photoirradiation, heat, microwave or 

metallic/organometallic catalysts, leading to the formation of Si-CH2-CH2- or Si-

CH=CH- interfacial linkages.61, 63, 74-75 The former involves saturated bonds, whereas 

the latter exhibit conjugated characters. 

As depicted in Figure 1.1a, one can see that hydrosilylation reaction of Si-H on Si 

nanoparticle surface with olefin and acetylene moieties leads to the formation of Si-

CH2-CH2- and Si-CH=CH- interfacial bonds, respectively. For instance, for alkenyl-

capped silicon nanoparticles (Figure 1.1a) prepared with acetylene derivatives (e.g., 1-

ethynyl-3-flurobenzene, 3-ethynylthiophene, phenylacetylene),61 the conjugated 

characteristics of the interfacial linkage is found to lead to diminishment and a slight 

red shift of the PL emission, due to enhanced interfacial conductivity and the formation 

of a deep trap in the nanoparticle.63 And modification of Si surfaces with acetylene 

derivatives can also be achieved by nucleophilic substitution of halide-terminated 
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surfaces with organolithium reagents.69 As shown in Figure 1.1b, Ashby et al.69 

prepared phenylacetylene-capped Si nanoparticles using lithium phenylacetylide. 

These observations suggest a ready control of the nanoparticle electronic property 

(bandgap) simply by the disparity of surface functionalization. 

 

Figure 1.1. (a) Borane-catalyzed functionalization of hydride-terminated Si 
nanocrystals with olefin and acetylene derivatives to yield alkyl/alkenyl 
surface capping layer. Reprinted with permission from ref.61 © 2014 
American Chemical Society. (b) Synthesis of phenylacetylene capped silicon 
nanoparticles. Reprinted with permission from ref.69 © 2014 The Royal 
Society of Chemistry. 

Notably, for alkyl-passivated Si nanoparticles, the core bandgap is found to 

diminish, albeit slightly, as compared to that of the hydrogenated counterparts. This has 

been demonstrated in ab initio calculations by Reboredo and Galli.76 Interestingly, they 

also observed an apparent shift of the relative energy (with respect to the vacuum) of 
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the LUMO and the HOMO with the carbon chain length, which led to a decrease of the 

ionization potentials and electron affinities of the silicon cores, in comparison with the 

hydrogen-terminated counterparts. In addition, calculations based on time-dependent 

density functional theory (TD-DFT)77 also showed that in excitation spectral 

measurements within the energy window of zero to three times the bandgap, the 

absorption of silicon nanoparticles capped with methyl/hexyl groups could increase by 

up to 45%. 

In another study,78 Li et al. carried out DFT studies to examine the differences 

between alkyl- and alkenyl-modified silicon nanoparticles. The alkyl-modified 

nanoparticles were found to exhibit a type-I energy structure, which showed only 

limited charge transfer across the interface; whereas the alkenyl-modified counterparts 

displayed a type-II energy configuration owning to interfacial conjugation that 

facilitated interfacial charge transport (Figure 1.2a). In complementary experimental 

studies, they anchored 4-ethynyl-N,N-bis(4-methoxyphenyl)aniline (MeOTPA) onto Si 

nanoparticles (Figure 1.2b) and measured the optical absorption and 

photoluminescence properties.79 From Figure 1.2c, one can see that as compared to the 

hydride-terminated counterparts, MeOTPA-functionalization led to the formation of a 

type-II energy structure of the nanoparticles, and hence enhanced absorption and red-

shift (by 70 nm) of the photoluminescence, as compared to the decyl-capped ones. 
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These were ascribed to direct relaxation of the charge-transfer excited state, in good 

agreement with results from DFT calculations.  

 

Figure 1.2. (a) Electronic transition in (left) Type-I and (right) Type-II 
molecular orbital energy level aligned organic functionalized SiQDs hybrid 
systems. (b) HOMO (red) and LUMO (green) isosurfaces from TDDFT 
analysis of a 3.1 nm Si849H344 QD capped by (left) only hydride and (right) 
by hydride and four MeOTPA ligands. Isosurfaces are for a fixed value of 
the absolute value of electron orbitals, 0.009 Å−3/2. (c) Left: absorption and 
right: PL spectra of MeOTPA and decyl-passivated SiQDs in 
dichloromethane solutions. Reprinted with permission from ref.79 © 2015 
American Chemical Society 
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Germanium is another semiconductor in the same group. A range of synthetic 

strategies have been reported in the literature for the preparation of germanium 

nanoparticles, and amine derivatives represent the most commonly used ligands for the 

surface functionalization of the nanoparticles.80-82 The limitation of nanoparticle 

surface chemistry is likely due to the instability of the nanoparticles under ambient 

conditions. Similar to the silicon counterparts, alkyl/alkenyl-capped germanium 

nanoparticles can also be made by hydrogermylation of alkene/alkyne on hydrogenated 

germanium nanoparticles,83 a unique property that can be exploited, for instance, for 

the preparation of germanium nanoparticles with a hydrophobic or hydrophilic surface. 

Further research is desired to expand the tool box for nanoparticle functionalization, in 

particular, involving conjugated interfacial bonds, such that more complicated 

manipulation of the nanoparticle optical and electronic properties can be achieved.  

Metal oxides. Metal oxides represent a large family of semiconductor materials, 

and carboxylic acids have been widely used as surface capping ligands for metal oxide 

nanoparticles,84-99 where several structural models have been proposed to account for 

the interfacial bonding interactions between –COOH and metal oxide surface, such as 

monodentate ester, bidentate chelating, bidentate bridging, H-bonded, etc. Yet, the 

chemical nature of the interfacial linkage has remained under active debate.100 

Although electron transfer can occurs across the carboxylic-oxide interface, the 
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electronic coupling between the nanoparticles and surface ligands is relatively weak, 

limiting the efficiency of interfacial charge transfer.84-86, 92 

In recent years, a variety of anchor groups, such as boronic acid, hydroxamic acid, 

and phosphonic acid, have also been used to replace carboxylic acid/carboxylate 

ligands for semiconductor nanoparticles surface functionalization, where the structural 

stability is enhanced due to the increasingly robust chemical bondings.101-110 For 

example, metal oxide nanoparticle surface can be functionalized with phosphonic acid 

derivatives, forming (-M-O-P-) bonds.111-112 or with boronic acid which can condense 

with the hydroxy groups on metal oxide surface to form (-M-O-B-) bonds.101 

Other anchoring groups have also been used for metal oxide nanoparticles. For 

instance, isocynate (-NCO) ligands can adsorb onto metal oxide surfaces by additive 

reaction with surface hydroxy groups forming (-NHCOOM-) bonds.113-114 Pyridine 

moieties anchor onto semiconductor nanoparticles surface by strong coordination 

between the lone pair electrons on pyridinic N sites and Lewis acid sites of metal and 

manipulate the efficient electron-withdrawing injection.115-117 Tetrazole has several N 

as coordination sites to form (-M-N-) bonding.118 Acetylacetonate can chelate a metal 

ion at an oxygen defect of a metal oxide semiconductor.119 Phenolic hydroxy 

derivatives, such as catechol, dopamine, calixarene, sulfocalixarene, and fullerol, have 

also been used for metal oxide/cholcogenide surface functionalization, where 
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condensation reaction with surface-bound hydroxy groups leads to the formation of -

M-O-R bonding.120-129  

In a recent study,130 we demonstrated that metal oxide nanoparticle could also be 

functionalized with conjugated interfacial linkages by using acetylene derivatives as 

the capping ligands. The resulting nanoparticles exhibited markedly different optical 

and electronic properties as compared to those capped with conventional ligands like 

carboxylic acids. Experimentally, TiO2 nanoparticles were used as the illustrating 

example, because of its applications in diverse areas. The nanoparticles were prepared 

and capped with acetylene by a two-phase synthetic approach.130-131 Experimental 

studies, in conjunction with DFT calculations, were carried out to investigate the 

chemical and electronic structure of the interface. Firstly, DFT calculations suggested 

that energetically the most stable interfacial linkage was Ti-O-C≡C- which resulted in 

the shortening of the C-O bond and elongation of the C≡C bond, as compared to their 

pristine counterparts, due to partial charge transfer from the p-electrons in C≡C to TiO2. 

DFT calculation result also indicated the TiO2 slab functionalized by acetylenyl ligands 

emerged a new state between the valance band (VB) and conduction band (CB), which 

was denoted as the interfacial state (IS, about 0.5 eV higher than the valence band). 

Experimentally, the photoluminescence emission of octyne-capped TiO2 nanoparticles 

indeed suggested the formation of a new interfacial states. That is, a new interfacial 
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state is formed as the result of the interaction between the C≡CH anchor and TiO2. This 

may be exploited for a deliberate manipulation of the nanoparticle optical and 

electronic properties and applications. Similar effects of acetylene capping ligands on 

nanoparticle electronic properties are anticipated for oxides of other transition metals 

with the number of d electrons varied from 1 to 10.130 This suggests that such interfacial 

engineering may serve as an effective strategy in manipulating the materials properties 

and applications of metal-oxide nanoparticles. 

1.2 Electrocatalytic Reaction Mechanisms  

Theoretical calculations represent a powerful tool in analyzing/predicting the 

catalytic performance, which can be exploited as a fundamental framework for the 

rational design and engineering of the catalysts.132-137 For instance, in HER, ORR, OER 

and CO2RR, a linear relation (a.k.a. scaling relation) has been widely observed between 

the binding energy of various critical intermediate species,138-141 a unique feature that 

can be used for the manipulation and optimization of the catalytic performance. 

Oxygen Reduction Reaction (ORR). In ORR, the traditional four-step reaction 

can be written below as eqs. (1) to (4) (with the corresponding reaction free energies of 

ΔG1 to ΔG4),142 The mechanism for OER is similar to ORR,143-147, as ORR is the reverse 

of OER and has been widely studied. 
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* + O2 + H+ + e- → OOH*              ΔG1   (1)  

OOH* + H+ + e- → O* + H2O              ΔG2   (2) 

O* + H+ + e- → OH*                    ΔG3   (3) 

OH* + H+ + e- → H2O + *              ΔG4   (4) 

where * represents a catalytic active site. Note that ΔG2 + ΔG3 = EOH* – EOOH* + b’, 

where EOH* and EOOH* are the binding energy of the OH and OOH intermediates, 

respectively, and b’ is a constant. In ORR, typically either eq. (1) or (4) is the rate 

determine step, and at ΔG1 = ΔG4 = ΔGave (= ¼ΣΔGi), the performance of the catalyst 

is predicted to reach the maximum. At this point, since ΣΔGi = −4.92 eV, ΔG2 + ΔG3 = 

−4.92 − (ΔG1+ ΔG4), and ΔEOH* – ΔEOOH* = −2.46 – b’. That is, EOH* and EOOH* scale 

linearly with each other, and from the intercept, b’ can be determined, which can then 

be used to predict the optimal electrode potential (U). 

Carbon Dioxide Reduction Reaction (CO2RR). Similarly, in CO2RR, the first 

three reaction steps are generally expressed as 

CO2(g) + * + H+(aq) + e− ↔ COOH*              ΔG5   (5)  

COOH* + H+(aq) + e− ↔ CO* + H2O             ΔG6      (6)  

CO* ↔ CO(g) + *                            ΔG7a   (7a) 

CO* + H+(aq) + e− ↔ CHO*                    ΔG7b   (7b) 
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With CO being the final product, the rate determine step is either eq. (5) or (7a),148 

and a linear correlation has been observed between ECOOH* and ECO*.149 With other final 

products, eq. (7b) is the rate-determine step,150 and a scaling relation can be found 

between ECHO* and ECO*.149 

 

Figure 1.3. (a) EOOH*~EOH* linear relation for ORR. The data points from 
regular carbon sites follow the linear relation (red line), whereas the two data 
points beyond the linear range represent single-atom Fe centers of FeN4. 
Reproduced with permission from ref.138 © 2017, American Chemical 
Society. (b) ECHO*~ECO* linear relation for CO2RR, where SACs (blue circles) 
are situated beyond the linear range for metal (211) surfaces (black dots). 
Reproduced with permission from ref.140 © 2018, The Royal Society of 
Chemistry. 

Interestingly, it has been reported that such a scaling relation can be broken with 

SACs,140, 149 as manifested with a different intercept value. In a previous study (figure 

1.3a), we showed that in Fe,N-codoped carbon for ORR, the Fe center of FeN4 

exhibited a markedly different linear relation between EOH* and EOOH* from that of 
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regular carbon sites. The smaller intercept corresponded to a more positive onset 

potential (Eonset), in good agreement with experimental results that showed an enhanced 

ORR performance.138 Such deviation from the conventional scaling relation has been 

observed in other catalytic reactions (e.g., CO2RR in figure 1.3b), leading to marked 

enhancement of the catalytic activity over that without the SAC moiety. Below, we will 

summarize recent progress in the design and engineering of SACs in ORR, HER, OER, 

and CO2RR. 

  

Figure 1.4. Experimental results of exchange current density (j0) of HER 
over different metal surfaces plotted as a function of calculated Gibbs free 
energy of hydrogen adsorption per atom (DEH, top axis) and the fitted 
volcano plot as a function of Gibbs free energy of hydrogen adsorption 
(DGH*). DGH* = DEH + 0.24 eV. (Reproduced with permission from Ref.151 
© 2005 The Electrochemical Society) 
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Hydrogen Evolution Reaction (HER). HER is much simple. For instance, M@C 

nanocomposites have been known to be active towards HER, which in general entails 

three key reactions in acid,  

Volmer reaction: * + H+ + e- ↔ H*                         (8) 

Tafel reaction: 2H* ↔ H2*                                (9) 

Heyrovsky reaction: * + H+ + e- + H* ↔ H2*                (10) 

where * is the active site of the catalyst. Results from DFT calculations have shown 

that the HER process likely involves the Volmer-Heyrovsky or Volmer-Tafel pathway 

on a range of transition-metal surfaces, where the Volmer step is a fast reaction while 

the Heyrovsky or Tafel reaction is the rate-determining step.152-154 In 1958, Parson first 

pointed out that a maximum exchange current density would be attained when the 

hydrogen adsorption free energy (DGH*) was close to thermoneutral (ΔGH* ~ 0).155 

Norskov et al. plotted DGH* from DFT calculations versus experimental HER exchange 

current density (Figure 1.4),151 and observed a volcano-shaped variation with the peak 

position close to platinum — note that platinum is the state-of-the-art HER catalyst 

with an almost zero overpotential and small Tafel slope. This volcano plot was further 

consummated in other studies in the literatures.156-157 This suggests that DGH* can be 

exploited as an effective descriptor in the design, engineering and optimization of HER 

catalysts. For M@C catalysts, with the active sites located on the carbon shell, one can 
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see that whereas DGH* on pure C is very positive and H+ adsorption (Volmer step) is 

energetically unfavorable, in contrast to transition metals where DGH* is generally 

negative, the formation of M@C core@shell structures leads to reduced DGH* on the C 

shell, in good agreement with enhanced HER activity observed experimentally, which 

is largely attributed to effective charge transfer from the metal core to the carbon shell 

158. Further contributions can arise from deliberate doping of the carbon shells by select 

metal and nonmetal heteroatoms. Figure 1.5 depicts results from DFT calculations of 

N-doped graphitic carbon hybridized with various transition metals (compounds) in 

HER electrocatalysis.159 The atomic structures of the hybrids of N-doped graphene (NG) 

supported on substrates like Co (111), Fe (110), Co3O4 (111), Fe3O4 (111), WC (0001) 

and VC (111) are illustrated in Figure 1.5a, with the corresponding DGH* shown in 

Figure 1.5b. One can see that DGH* of undoped graphene (G) is very positive at +1.84 

eV, suggesting difficult adsorption of proton. Introduction of N dopants into G (NG) 

markedly lowers the DGH* to +0.54 eV. For comparison, DGH* is -0.48 eV on Co (111). 

Yet in the NG/Co hybrid, DGH* is further reduced to +0.13 eV on the C sites adjacent 

to N dopant and on the hollow site of Co substrate, a condition favored for HER. Figure 

1.5c further compares the DGH* of NG on other substrates, where the proton binding 

strength can be seen to follow the order of NG/Fe > NG/VC ~ NG/WC > NG/Co > 

NG/Co3O4 > NG/Fe3O4 ~ NG/TiC. This is accounted for by electron injection from the 
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substrates to the graphitic sheet that breaks the π conjugation by occupying the carbon 

pz orbitals. This can be described by the center of the C pz band by the following 

equation, 𝜀𝑝$ =
∫ '((')+',
-.

∫ ((')+',
-.

, where D(E) is the DOS of the C pz band at a given energy. 

Interestingly, the 𝜀𝑝$  values of the hybrids shows a linear relationship with the 

corresponding DGH* (Figure 1.5d), suggesting that a lower C pz band center can 

strengthen proton binding. Note this is in contrast with the results of proton adsorption 

onto transition metal surfaces described by the d-band center theory160, because of the 

full occupancy of the s* orbitals of H* and C when protons are adsorbed on carbon 

active sites, where few electronic states can be found in the conduction bands (Figure 

1.5e). Therefore, the bonding with proton will be strengthened with a deeper valence 

orbital levels of the graphitic sheet. From these DFT calculations, one can see that 

indeed dopants and substrate interactions play an important role in boosting the activity 

of carbon towards HER by charge transfer from the substrate to carbon.  



 

 21 

 

Figure 1.5. (a) Top and side views of N-doped graphene on various 
substrates. (b-c) Free energy diagrams for HER at zero potential and pH = 0 
on G, NG, Co, NG/Co and Pt surfaces, and NG on various substrates. (d) The 
plot of C pz center versus DGH* of different hybrids. (e) LDOS of a H atom 
adsorbed on the active sites of various hybrids. (f) Schematic illustration of 
H-C bonds formation on the hybrids. (Reproduced with permission from 
Ref.159 © 2018 Elsevier) 

1.3 Charge Transfer Engineering for the Electrocatalysts Design 

Charge transfer in alloy nanoparticles. One effective strategy to enhance the 

ORR performance of platinum catalysts and concurrently reduce the costs is by 

alloying platinum with a non-noble metal. This has been largely ascribed to the 
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manipulation of the Pt d band center by the other (non-noble) metal elements due to 

electronic and geometrical effects.161-169 Specifically, the incorporation of a more active 

metal element into the nanoparticles leads to effective electron transfer to platinum, 

which raises the d band center of Pt and hence weakens the bonding interactions with 

oxygen species. Synergistic contributions may arise from geometrical strains due to 

lattice mismatch between the metal components. For instance, Stamenkovic et al.170 

showed that the ORR activity of the Pt3Ni(111) electrode was about 10 and 90 times 

higher than that of Pt(111) and state-of-the-art commercial Pt/C catalysts, respectively. 

Structural characterizations showed that Pt was rich in both the outermost and third 

atomic layers while Ni was rich in the second layer. Such interfacial alloying led to 

weakened interactions between the surface Pt atoms and oxygenated intermediates, 

consistent with the prediction by the volcano plot, because of effective charge transfer 

from Ni to Pt that resulted in a decrease of the Pt d band center.137, 156, 171-172 As depicted 

in Figure 1.6, the d-band center was estimated to be -3.14 eV on Pt3Ni(100), -3.10 eV 

on Pt3Ni(111) and -2.70 eV on Pt3Ni(100), somewhat lower those of Pt, -2.90 eV on 

Pt(100), -2.76 eV on Pt(111), and -2.54 eV on Pt(110).173-174 Of these, the (111) facet 

of the alloyed surface exhibited the largest down-shift of the d-band center and the 

largest enhancement of the ORR activity, and the ORR activity increased in the order 

of Pt3Ni (111) » (110) > (100).175 Such a fundamental mechanism based on the d-band 
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center has indeed been exploited for the design and engineering of a large number of 

alloy nanoparticles for ORR electrocatalysis.176-178 Such intermetallic charge transfer 

is largely determined by the difference of electronegativity between the metal elements, 

and may be enhanced by asymmetrical distribution of the metal components. And one 

can see that charge transfer between metal components may serve as a powerful 

parameter in the manipulation of the bonding interactions between metal nanoparticles 

and oxygen intermediates, and the effects are further enhanced with Janus nanoparticles 

as compared to the structurally symmetrical counterparts (e.g., core-shell and 

homogeneously alloyed nanoparticles). 

 

Figure 1.6. Influence of surface morphology and electronic surface 
properties on the kinetics of ORR. The specific activity of kinetic current 
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densities of ORR on Pt3Ni(hkl) surfaces compared with the corresponding 
Pt(hkl) surfaces are shown and are derived from rotation ring disk electrode 
(RRDE) measurements in 0.1 M HClO4 at 333 K with a rotation rate of 1600 
rpm at 0.9 V versus RHE (reversible hydrogen electrode). Values of d-band 
center position of each morphologic surfaces were obtained from ultraviolet 
photoemission spectra (UPS). Adapted with permission from ref.175, © 2007 
American Association for the Advancement of Science.  

Metal-ligand interfacial bonding interactions. In recent studies, metal-ligand 

interfacial bonding interactions have also been found to be play an important role in 

manipulating the bonding interactions of metal nanoparticles with oxygen species and 

hence the ORR performance. This is somewhat counterintuitive as surface capping 

ligands will inevitably block part of the surface active sites and may compromise the 

catalytic activity,179-185 such as the poisoning effects of CO or sulfur species.186-188 Yet 

recently, it has been found that by deliberate engineering of nanoparticle surfaces by 

the formation of covalent metal-ligand interfacial bonding interactions, the electronic 

density of the metal nanoparticles and hence the interactions with reaction species may 

be manipulated by the chemical nature of the organic ligands through the geometric 

effects and charge transfer effects of the capping ligands.189-190 The former has indeed 

been exploited for enhanced selectivity of the catalysts191-193 and as poisonous species 

blockers.194-196 For example, Schrader et al. reported that L-proline functionalized Pt 

nanoparticles of 1.2 nm in diameter exhibited high stereo-selectivity in  hydrogenation 

of ethylacetoacetate with 34% enantiomeric excesses of ethyl(R)-3-hydroxybutyrate.193 
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Genorio et al. demonstrated that chemical modification of a Pt electrode surface with a 

self-assembled monolayer of calix[4]arene effectively suppressed ORR while 

hydrogen oxidation reaction was allowed to proceed.195 More interestingly, with the 

formation of covalent metal-ligand interfacial bonds, charge transfer may take place 

across the interface, leading to ready control of the electronic structures of the 

nanoparticle catalysts.197 For instance, However, Chung et al. observed much better 

ORR activity with oleylamine-capped Pt/C catalysts than the unmodified ones and 

claimed the enhancement was due to the downshift of the frontier d-band structure of 

Pt,196, 198 in contrast to earlier results where removal of the oleylamine ligands was 

found to enhance the catalytic performance.199. Recently, a wide range of metal-ligand 

interfacial bonds have been exploited for nanoparticle surface functionalization.24 For 

instance, metal nanoparticles of ruthenium, palladium and platinum and semiconductor 

nanoparticles such as silicon and titanium dioxide have been functionalized with aryl 

fragments and acetylene derivatives, and intraparticle charge delocalization may occur 

with the formation of conjugated core-ligand interfacial bonds, leading to the 

emergence of new optical and electronic properties.24, 36-40, 45, 47-49, 53, 131, 200-203 For 

instance, we functionalized Pt nanoparticles with phenyl derivatives and evaluated the 

ORR activities within the context of the electron withdrawing property of the para-

substituents (R = -CH3, -F, -Cl, -OCF3, and –CF3).48-49 The results were summarized in 
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Figure 1.7a, where the kinetic current density (jk) at +0.9 V was correlated to the 

Hammett substituent constant (σ) that quantitatively describes the electron-

withdrawing capacity of substituent groups on the phenyl ring including both resonance 

effect and inductive effect.204-205 As shown in figure 1.7b, one can see that the ORR 

performance of PtArCH3 was lower than that of commercial Pt/C while PtArCF3 was 

~3 times better than commercial Pt/C. In fact, the ORR performance was found to 

increase with increasing σ values suggesting electron-withdrawing substituent groups 

enhanced the electrocatalytic activity for ORR in the order of –CH3 < -F < -Cl < -OCF3 

< -CF3. This may be accounted for by the diminishment of the electron density of Pt 

surface atoms by the electron-withdrawing substituent groups, leading to a decrease of 

the binding energy with oxygen species and hence enhanced ORR performance.  

Such electron-withdrawing effect of the substituents have indeed been confirmed 

by FTIR measurements. As the surface capping ligands were strongly attached onto the 

Pt nanoparticle surface through Pt-C covalent bonds, the strong electronic interactions 

between the aromatic rings and Pt resulted in an apparent red shift of the aromatic ring 

skeleton vibrations and broadening of the vibrational peaks. Such a strategy has also 

been extended to other metals such as Pd, and Ru and for other electrocatalytic 

reactions like formic acid oxidation.206-207 
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Figure 1.7. (a) ORR polarization curves of the Pt−Ar−R nanoparticles and 
commercial Pt/C catalyst in an O2-saturated 0.1 M HClO4 solution at room 
temperature. Electrode rotating rate: 1600 rpm; potential scan rate: 10 mV/s. 
(b) Variation of the ORR specific activity (jk at +0.90 V) with Hammett 
substituent constant (σ). Blue dotted line denotes the ORR activity of 
commercial Pt/C catalysts. Reproduced from ref.49 with permission, © 2012 
American Chemical Society. 

Charge transfer between metal nanoparticles and carbon-based supporting 

substrates. Carbon-based materials have been used extensively as supporting 

substrates for the dispersion of metal nanoparticles, such as Pt, Pd, Ag and Au, where 

the ORR activity may be readily manipulated by the electronic interactions between 

the carbon substrates and metal nanoparticles. For instance, in an early study,208 we 

prepared 2.8 nm graphene quantum dots (GQD) by chemical exfoliation of the 

nanometer-sized sp2 domains in pitch carbon fibers and synthesized a series of 

nanocomposites by the deposition of Pt nanoparticles on GQD by hydrothermal 

treatment (Figure 1.8). The resulting Pt/GQD nanocomposites showed apparent ORR 

activity, with an onset potential at +1.05 V vs. RHE in 0.1M HClO4, which is about 70 
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mV more positive than that of commercial Pt/C. In addition, the kinetic current density 

at +0.9 V was about 10 times more than that of commercial Pt/C. This outstanding 

improvement was attributed to the GQD structural defects (primarily oxygenated 

species) that induced electron transfer from the Pt nanoparticles,209 leading to reduced 

electron density of the Pt nanoparticles, analogous to the capping ligand effects 

observed above in Figure 1.7. This weakened the binding of oxygen intermediates on 

Pt surfaces and hence enhanced the ORR activity. In a follow-up study, the GQD defect 

concentration was manipulated by hydrothermal treatment at controlled temperatures 

(140 – 200 °C) for a varied period of time, and the ORR activity was found to reach a 

maximum at ca. 20% structural defects, as quantified by XPS and Raman 

measurements.  

Nanocomposites with other metals such as Cu210 and Pd211 were also prepared in 

a similar fashion. Yet because the binding to oxygen increased in the order of Pt < Pd 

< Cu, according to the volcano plot, the optimal defect concentration increased 

accordingly, at ca. 50% for Pd/GQD and 63% for Cu/GQD. Nonetheless, one may 

notice that such a high level of structural defects likely compromises the composite 

electrical conductivity and hence the eventual ORR performance. This issue may be 

mitigated by using heteroatom-doped GQDs, as the dopants are embedded within the 

graphitic molecular skeleton and known to actually enhance the electrical conductivity; 
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meanwhile dopants may serve as additional structural defects in manipulating the 

nanoparticle electronic density. This has indeed been observed in a recent study with 

Pd nanoparticles supported on nitrogen-doped graphene quantum dots (Pd/NGQDs).212 

XPS measurements showed that nitrogen were embedded within the graphitic 

molecular skeleton in the pyridinic and pyrrolic configurations (both p-type doping) 

and the total concentration remained almost invariant during hydrothermal reactions 

for up to 12 h. Yet, the fraction of pyrrolic nitrogen was found to increase with 

prolonging hydrothermal reaction time, and concurrently a diminishment was observed 

with the pyridinic, N, suggesting a conversion of pyridinic N to pyrrolic N during the 

hydrothermal reaction. Because the five-member ring pyrrolic N is more defective than 

the six-member ring pyridinic N, the electron transfer from the Pd nanoparticles to the 

GQD structural defects became more pronounced with the sample featuring a higher 

concentration of pyrrolic N, as manifested in XPS measurements. Indeed 

electrochemical measurements showed markedly enhanced ORR activity, as compared 

with the Pd/GQD prepared above.211 A similar phenomenon was observed by Song et 

al.213 In summary, these studies highlight the fundamental significance of electron 

transfer at the metal-substrate interface in manipulating the electronic interactions with 

reaction species and the eventual electrocatalytic performance. 
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Figure 1.8. (a-b) Representative TEM images of GQD-supported Pt 
nanoparticles. Scale bar is 20 nm in panel (a) and 5 nm in panel (b). Inset in 
panel (a) shows the nanoparticle core size histogram. Yellow lines in panel 
(b) highlight the lattice fringes, and white arrows indicate the halos 
surrounding the Pt nanoparticles. (c-d) RRDE voltammograms of a glassy 
carbon electrode loaded with (c) Pt/C or (d) Pt/GQD nanoparticle catalysts 
in an oxygen-saturated 0.1 M HClO4 solution with a scan rate of 5 mV/s. 
Ring potential was set at +1.5 V. Reproduced from ref.208 with permission, 
© 2013American Chemical Society. 

Charge transfer effect in heteroatom-doped carbons. Heteroatom-doped (N, B, 

P, S, etc.) carbons have also emerged as promising metal-free catalysts for the ORR 

due to their remarkable ORR activity along with the wide availability of their source 

materials, and their low costs, high conductivity, chemical inertness, and environmental 
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friendliness. Mechanistically, Xia et al.214 proposed that the ORR catalytic active sites 

on N-doped graphene are significantly influenced by the electron spin density 

distribution and atomic charge distribution. Generally, the carbon atoms that have the 

highest electron spin density are considered to be the active sites. If the negative value 

of the electron spin density is small, then the carbon atoms with a high density of 

positive charges may act as the active sites. DFT calculations show that any chemical 

species presented in the form of either elemental substitution or attachment on graphene 

can also lead to a high asymmetric electron spin density and atomic charge density on 

graphene, and hence promote the ORR, which is consistent with the results in a series 

of studies (vide infra). However, it is not yet clear which nitrogen dopant is responsible 

for the ORR activity because there are at least three kinds of nitrogen doping 

configurations in the molecular skeletons of graphene, i.e., pyrrolic N, pyridinic N and 

graphitic N. For instance, Wei et al.215 proposed that the electrocatalytically active sites 

were carbon atoms adjacent to both (p-type) pyridinic and pyrrolic N. In contrast, 

recently Nakamura et al.216 suggested that the ORR active sites were carbon atoms 

directly bonded to pyridinic N alone after a systematic study of the ORR activity of N-

doped highly oriented pyrolytic graphite (HOPG). More recently, Dai and co-

workers217 claimed that (n-type) graphitic N was actually responsible for the catalytic 

activity of the ORR in N-doped graphene nanoribbon networks. Despite the progress, 
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the identification of the ORR active sites has remained a matter of active debate. There 

are three major issues. The first one is the structural complexity where all three nitrogen 

doping configurations are generally present in N-doped carbons. The second one lies 

in the heterogeneity within the context of morphology, degree of graphitization, and 

composition. The third one is the inter-conversion between the various nitrogen 

dopants, which complicates the discrimination process that correlates the ORR activity 

with the specific nitrogen dopants. Currently, the ORR activity has been primarily 

ascribed to two factors. (a) The edge defects. (b) Breaking of electroneutrality. The 

formation of a partial charge-transfer state can also be achieved by doping carbon 

skeletons with elements that have lower electron affinity than carbon. DFT calculations 

suggested that the stronger electron affinity of carbon caused partial electron transfer 

from the boron dopants to carbon, and the resulting positively charged boron dopants 

facilitated chemisorption of O2 onto the CNTs; subsequently, part of the p* electrons in 

the conjugated matrix were accumulated on the boron dopants and reduced the 

chemisorbed O2 molecules with boron serving as a bridge. In addition to the above 

doping method, the charge state of carbons can also be manipulated by surface coating. 

For example, Wang et al. coated carbon-based catalysts (CNTs and graphene) with 

positively charged poly(diallyldimethylammonium chloride) (PDDA) as an electron 

acceptor.218-219 Raman and XPS measurements suggested partial charge transfer from 
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the carbon catalysts to PDDA, and the resultant positively charged carbon showed a 

remarkable electrocatalytic activity toward the ORR, with a better fuel selectivity, and 

stronger resistance to CO poisoning, as well as a longer lifespan than that of the 

commercial Pt/C catalysts. Enhanced ORR catalytic activity was also observed with 

the composite of poly(3,4-ethylenedioxythiophene), poly(styrene sulfonate) and 

reduced graphene oxide.220  

In summary, interfacial electron transfer within the nanoparticle catalysts plays a 

critical role in the manipulation of the binding interactions between the catalyst active 

sites and oxygen intermediates, a critical step in the electroreduction of oxygen that 

occurs at the cathodes of fuel cells and metal–air batteries. This may lead to ready 

control and eventual optimization of the ORR activity. Research progress in four 

different ORR catalyst systems is summarized as examples in this review. For metal 

nanoparticles, this is accounted for within the context of the d-band center. For the 

transition metals on the left side of the volcano plot, lowering of the d-band center and 

hence weakened interactions with oxygen species is desired to improve the ORR 

performance. This may be achieved by alloying with a more electronegative metal 

where electron transfer occurs to the ORR active centers, deliberate bonding 

interactions with selected organic ligands where the electron density of the metal 

particles may be varied by the electron withdrawing properties of the organic ligands, 
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or interfacial interactions with graphene supporting substrates where the structural 

defects of the graphene substrates induce charge transfer from the metal nanoparticles. 

Furthermore, for carbon-based metal-free catalysts, whereas the exact mechanism 

remains elusive thus far, the ORR activity has been proposed to arise from a change of 

the charge and/or spin distribution of neighboring carbon atoms. Progress in these 

earlier studies lays a solid foundation for future research to further enhance the catalytic 

performance. For precious metals, the catalytic efficiency will be maximized, and the 

costs will be minimized, by the rational design and preparation of single-atom catalysts, 

where the binding interactions with reaction intermediates may be manipulated by 

interfacial electron transfer through close interactions with another metal element, 

organic capping ligands or supporting substrates. In these catalysts, structural integrity 

and catalyst durability will be a great challenge. For metal-free carbon-based catalysts, 

whereas apparent ORR activity has been observed, further improvement has been 

hampered by the lack of unambiguous identification of the catalytic active sites, due to 

the complexity of the catalyst structures which renders it difficult to correlate the ORR 

activity with the structural characteristics. To mitigate such an issue, one effective 

approach is to have the structures of the carbon catalysts, as well as the dopant 

configurations, atomically engineered and resolved. This may be achieved by, for 
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instance, top-down surgical engineering of graphene nanosheets with precise spatial 

control of heteroatom doping. 
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Intraparticle Charge Delocalization through Conjugated Metal-Ligand 

Interfacial Bonds: Effects of Metal d Electrons  

 

Reproduced with the permission from (Yi Peng, Eduardo Y. Hirata, Wanzhang Pan, 

Limei Chen, Jia En Lu, Shaowei Chen, “Intraparticle Charge Delocalization through 

Conjugated Metal-Ligand Interfacial Bonds: Effects of Metal d Electrons”, Chin. J. 
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2.1 Abstract 

Intraparticle charge delocalization occurs when metal nanoparticles are 

functionalized with organic capping ligands through conjugated metal-ligand 

interfacial bonds. In this study, metal nanoparticles of 5d metals (Ir, Pt, and Au) and 4d 

metals (Ru, Rh, and Pd) were prepared and capped with ethynylphenylacetylene and 

the impacts of the number of metal d electrons on the nanoparticle optoelectronic 

properties were examined. Both FTIR and photoluminescence measurements indicate 

that intraparticle charge delocalization was enhanced with the increase of the number 

of d electrons in the same period with palladium being an exception. 

2.2 Introduction 

Organically capped transition-metal nanoparticles represent a unique class of 

functional nanomaterials, where the materials properties can be readily manipulated by 

the metal core and the organic capping ligands.1-4 In most prior research, mercapto 

derivatives have been used extensively for metal nanoparticle surface functionalization, 

due to the strong affinity of thiol moiety to transition metal surfaces; however, the 

resulting metal-thiolate (M-S) bonds are known to lack interesting chemistry, thus the 

impacts of the metal-ligand interface bonds on nanoparticle optical and electronic 
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properties have been largely ignored.5-6 Recently, new chemistries based on metal-

carbon/-nitrogen covalent linkages have been developed for nanoparticle surface 

functionalization by taking advantage of, for instance, the self-assembly of diazo, olefin, 

acetylene and azide derivatives on metal nanoparticle surfaces. The formation of metal-

carbene (M=C), -acetylide/vinylidene (M-Cº/M=C=C), and -nitrene (M=N) 

conjugated linkages leads to efficient intraparticle charge delocalization between the 

nanoparticle-bound functional moieties and hence the emergence of new optical and 

electronic properties of the nanoparticles.7-10  

In fact, a series of studies have been carried out with nanoparticles functionalized 

with acetylene derivatives. For instance, in an earlier study with alkyne-capped 

ruthenium nanoparticles,11 the specific reactivity of the nanoparticles with imine 

derivatives suggests the formation of ruthenium-vinylidene (Ru=C=CH-) interfacial 

bond, which was likely involved in a tautomeric equilibrium with ruthenium-acetylide/-

hydride (Ru-Cº/Ru-H). The resulting nanoparticles exhibited unique optical and 

electronic properties analogous to those of diacetylene (CºC-CºC) derivatives, due to 

intraparticle charge delocalization between the acetylene moieties. Such nanoparticle-

mediate electronic communication may be further manipulated by the valence state of 

the metal cores.12 Similar interfacial bonding structures were observed for alkyne-

functionalized platinum nanoparticles by using isotopic labeled alkyne ligands.13 
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Formation of stable nanoparticles with alkyne surface functionalization has also been 

reported with other metal nanoparticles, such as Cu, Pd, Ir, Pt, Au, and nanoalloys.14-20 

In these earlier studies, the interfacial bonding linkages are generally accounted for by 

the dp-pp interactions between the metal cores and the acetylene moiety, where the 

ligands adopt an end-on configuration. Within such a structural context, apparent 

impacts are anticipated of the metal d electrons on the interfacial bonding interactions, 

a topic that has not been systematically examined thus far. This is the primary 

motivation of the present study.  

Herein, a range of transition-metal nanoparticles, including 4d metals of Ru 

(5s14d7), Rh (5s14d8) and Pd (5s04d10), and 5d metals of Ir (6s24f145d7), Pt (6s14f145d9) 

and Au (6s14f145d10), were prepared and capped with ethynylphenylacetylene. The 

morphology  

and size of these metal nanoparticles were characterized by transmission electron 

microscopic measurements, and the optical and electronic properties of the 

nanoparticles were measured by spectroscopic techniques, where the signatory features 

for intraparticle charge delocalization were quantified by FTIR and photoluminescence 

measurements, and compared within the context of metal d electrons. The results 

indicate that intraparticle delocalization diminishes with increasing number of d 
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electrons for metals in the same period, with palladium being an exception due to its 

unusual electron affinity as compared to other 4d metals. 

2.3 Experimental Section 

Chemicals. Ruthenium(III) chloride (RuCl3, 35-40% Ru, Acros), rhodium(III) 

chloride (RhCl3, 48.6-49.2% Rh, Acros), palladium(II) chloride (PdCl2, 59-60% Pd, 

Acros), iridium(III) chloride (IrCl3, 53-56% Ir, Acros), platinum(IV) chloride (PtCl4, 

57.0-58.5% Pt, Acros), hydrogen tetrachloroauric acid (HAuCl4·4H2O, 99.9%, Sigma-

Aldrich), sodium borohydride (NaBH4, 99%, Acros), polyvinylpyrrolidone (PVP, MW 

40,000, USB), and 4-ethynylphenylacetylene (EPA, 97%, Acros) were used as received. 

Solvents were purchased at the highest purity available from typical commercial 

sources and also used as received. Water was deionized with a Barnstead Nanopure 

Water System (18.3 MΩ·cm). 

Synthesis of Ru, Rh, Ir and Pt nanoparticles. Ru, Rh, Ir and Pt nanoparticles 

were synthesized by adopting a literature protocol with some modifications.21 Briefly, 

0.3 mmol of the respective metal chloride (RuCl3, RhCl3, IrCl3, and PtCl4) were 

dissolved in 5 mL of water and added into 100 mL of ethylene glycol under vigorous 

stirring, into which was then added 5 mL of a 0.5 M NaOH solution. Metal 

nanoparticles were produced by heating the solution at 160 °C for 3 h, as signified by 
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the apparent color change of the solution to dark brown. After the solution was cooled 

down to room temperature, 50 mL of toluene and 0.9 mmol of EPA (corresponding to 

an EPA to metal mole ratio of 3:1) were added into the solution under magnetic stirring. 

The mixing was run at 60 °C for 12 h, and the nanoparticles were found to be transferred 

into the toluene phase. The toluene phase was collected, dried by rotary evaporation, 

and rinsed extensively with methanol to obtain purified metal nanoparticles, which 

were denoted as M-EPA (M=Ru, Rh, Ir, and Pt).  

Synthesis of Pd and Au nanoparticles. Au and Pd nanoparticles were prepared 

by following another literature procedure with some modifications.18 Briefly, 200 mg 

of PVP was dissolved in 45 mL of Nanopure water and mixed with 45 mL of 2 mM 

HAuCl4 or H2PdCl4. The solution was kept in an ice bath for 30 min, into which was 

then added 5 mL of a NaBH4 solution (7 mg/mL) under magnetic stirring for 15 min. 

After the product was warmed up to room temperature, 45 mL of toluene and 0.27 

mmol of EPA (corresponding to an EPA to metal mole ratio of 3:1) were added into the 

solution under magnetic stirring. The mixing was run at 60 °C for 12 h, and the 

nanoparticles were found to be transferred into the toluene phase. The toluene phase 

was collected, dried by rotary evaporation, and rinsed extensively with methanol to 

obtained purified metal nanoparticles and were denoted as M-EPA (M=Pd, Au).  
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Characterizations. The morphology and size of the M-EPA nanoparticles were 

characterized by transition electron microscopic (TEM) studies (Philips CM300 at 300 

kV). FTIR measurements were carried out with a PerkinElmer FTIR spectrometer 

(Spectrum One, spectral resolution 1 cm-1), where the samples were prepared by drop-

casting the nanoparticle solution onto a ZnSe disk. UV–vis spectra were collected with 

a PerkinElmer Lambda 35 UV–vis spectrometer, and the same solutions were used for 

photoluminescence measurements which were performed with a PTI 

fluorospectrometer. 

2.4 Results and Discussion 

The structure of the M-EPA nanoparticles was first examined by TEM 

measurements. As shown in Figure 2.1a1-f1, all nanoparticles were well-dispersed 

without apparent aggregation, suggesting good protection of the metal nanoparticles by 

the EPA ligands. In high-resolution TEM studies (Figure 2.1a2-f2), the M-EPA 

nanoparticles exhibited well-defined lattice fringes of the metal cores, with the 

interplanar spacings in good agreement with their bulk fcc crystalline structures: 0.234 

nm for Ru(100) (JCPDS no. 88-2333, Figure 2.1a2),12 0.220 nm for Rh(111) (JCPDS 

card no. 5-685, Figure 2.1b2),22 0.226 nm for Pd (111) (JCPDS card no. 46-1043, Figure 

2.1c2),23 0.225 nm for Ir(111) (JCPDS card no. 46-1044, Figure 2.1d2),23 0.230 nm for 
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Pt(111) (JCPDS card no. 4-802, Figure 2.1e2),23 and 0.235 nm for Au(111) (JCPDS card 

no. 4-784, Figure 2.1f2).23 Furthermore, statistical analysis based on more than 100 

nanoparticles was carried out to quantify the metal core sizes. From the core size 

histograms in Figure 2.1a3-f3, one can see that the nanoparticles all fell within a rather 

narrow core size range, and the average diameter was estimated to be 1.55 ± 0.37 nm 

for RuEPA, 2.30 ± 0.60 nm for RhEPA, 2.50 ± 0.56 nm for PdEPA, 1.37 ± 0.37 nm for 

IrEPA, 1.55 ± 0.46 nm for PtEPA, and 2.20 ± 0.64 nm for AuEPA (Table 2.1). That is, 

for metals in the same period, the average core size of the nanoparticles increased with 

an increase of the number of the metal d electrons; whereas for metals in the same 

groups, the nanoparticles of 5d metals are generally somewhat smaller than those of 

the 4d counterparts. Such observations may be accounted for, at least in part, by the 

metal-metal bond dissociation energy that decreases from the left (bottom) to the right 

(top) of the periodical table,24 as smaller nanoparticles are more likely to be formed 

with stronger metal-metal bonds due to enhanced nucleation of metal atoms.25 
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Figure 2.1. Representative TEM images of M-EPA nanoparticles: (a1, a2) Ru, 
(b1, B2) Rh, (c1, c2) Pd, (d1, d2) Ir, (e1, E2) Pt, and (f1, f2) Au. The 
corresponding core size histograms are shown in panels (a3-f3). 

The chemical compositions and the valance states of carbons and metals in the 

nanoparticles were then examined by XPS measurements. As depicted in figure 2.2a 

and figure 2.2c, the series of nanoparticle samples all exhibited two peaks for C 1s 

electrons, the main centered at about 284.40 eV, which can be ascribed to the combined 

contributions of sp-(C≡C) and sp2-hybridized (phenyl rings) carbons, and a minor one 

at ca. 285.62 eV due to sp3 carbons (C-C) of the EPA ligands (another weak one can be 
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seen at ca. 288.0 eV, which most likely arose from C=O impurities adsorbed on the 

metal nanoparticles surface). Figure 2.2b displays the scans of the metal 3d electrons 

of RuEPA, RhEPA and PdEPA nanoparticles, and the 3d5/2/3d3/2 binding energies can 

be identified at 280.77/284.87, 307.97/312.72 and 336.01/341.26 eV, respectively.  

Similarly, figure 2.2d shows the spectra of the metal 4f electrons of IrEPA, PtEPA, and 

AuEPA nanoparticles, where the 4f7/2/4f5/2 peaks can be found at 61.40/64.37, 

71.83/75.10 and 84.05/87.71 eV, respectively. Note these values are somewhat higher 

than those of the respective bulk metal 3d5/2/3d3/2 or 4f7/2/4f5/2 energies, which are 

280.0/284.1, 307.0/311.75, 334.9/340.15, 60.6/63.55, 70.9/74.25, and 83.8/87.45 eV 

for Ru, Rh, Pd, Ir, Pt and Au,26 respectively. This may be accounted for by the back-

donation of metal d electrons to the d electrons to π* orbital of the acetylene moieties 

in the bonding interactions between the metal cores and acetylene ligands, resulting in 

electron-deficient metal cores in the nanoparticles.27-28  
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Figure 2.2. XPS profiles of M-EPA. (a-b) Metal 3d specta of 4d metals ((i) 
RuEPA, (ii) RhEPA and (iii) PdEPA) and the correpsonding carbon 1s 
spectra. (c-d) Metal 4f spectra of 5d metals ((iv) IrEPA, (v) PtEPA, (vi) 
AuEPA) and the corresponding carbon 1s spectra. 
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The surface structures of the EPA functionalized metal nanoparticles were further 

studied by FTIR measurements. As observed previously,11, 13, 29-30 the ≡C-H vibration 

that is anticipated at 3287 cm-1 for monomeric EPA vanished for all nanoparticles, 

suggesting effective cleavage of the ≡C-H bonds during ligand self-assembly onto the 

nanoparticle surface, likely forming metal-vinylidene/-acetylide interfacial bonds. In 

fact, the vibrational bands of the methylene groups of the EPA ligands can be readily 

identified for all nanoparticle samples in the range of 2800 cm-1 to 3000 cm-1; yet, the 

phenyl ring =C-H vibration displays a clear red-shift as compared to that (3042 cm-1) 

of the EPA monomers (Figure 2.3): 3023 cm-1 for IrEPA, 3021 cm-1 for PtEPA, 3020 

cm-1 for AuEPA, 3021 cm-1 for RuEPA, 3019 cm-1 for RhEPA, and 3022 cm-1 for PdEPA 

(table 2.1). This indicates that the bonding order of phenyl =C-H decreases upon the 

adsorption of the EPA ligands onto the metal nanoparticle surface, most likely due to 

the formation of conjugated metal-ligand interfacial bonds that leads to effective 

intraparticle charge delocalization between the particle-bound functional moieties; and 

the red-shift was slightly enhanced with increasing number of d electrons for both 4d 

and 5d metals (with Pd being the exception). As mentioned earlier, the metal-ligand 

interfacial bonds have been accounted for by dp-pp interactions, where the donation 

of carbon p electrons to the metal empty d orbitals produces the s bond and back-

donation of metal d electrons to the carbon p* orbital forms the p component.11, 31-34 
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Therefore, one can see that an increase of the number of metal d electrons would 

strengthen the metal-ligand interfacial linkages and concurrently diminish the carbon 

bonding order, in good agreement with the FTIR experimental results observed above. 

Similar results have also been observed with vinylanthracene-functionalized ruthenium 

nanoparticles,35 and ethynylferrocene-functionalized Pt nanoparticle and 

nanoclusters.15 

 

Figure 2.3. FTIR spectra of M-EPA nanoparticles in the range of 2700 to 
3200 cm-1. 

Interestingly, corresponding variations can be seen in the optical properties of the 

nanoparticles. Figure 2.4a depicts the UV-vis absorption spectra of the nanoparticle 

samples of 5d metals. Both IrEPA and PtEPA nanoparticles exhibited an exponential 
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decay profile that is consistent with the Mie characteristics of metal nanoparticle, while 

AuEPA nanoparticles displayed an absorption peak centered at 510 nm due to surface 

plasmon resonance.36-37 These nanoparticles also exhibit apparent photoluminescence 

(Figure 2.4b), which has been accounted for by the formation of conjugated metal-

ligand interfacial bonds that leads to effective intraparticle charge delocalization 

between the particle-bound acetylene moieties, such that they behave analogously to 

diacetylene (-C≡C-C≡C-) derivatives.15, 38-42 Yet a close analysis shows that the 

excitation (lex) and emission (lem) peak positions actually vary slightly among the 

samples: 334 nm and 388 nm for IrEPA, 338 nm and 399 nm for PtEPA, and 343 nm 

and 403 nm for AuEPA (highlighted by red lines in Figure 2.4b). That is, the peak 

positions red-shift with the increase of the number of metal 5d electrons. Similar 

behaviors can be seen with 4d metal nanoparticles, as depicted in Figure 2.4c-d. One 

can see that RuEPA, RhEPA and PdEPA nanoparticles also exhibited an exponential 

decay profile, along with a red-shift of the excitation and emission maxima (with 

PdEPA being the exception): 381 nm and 458 nm for RuEPA, 390 nm and 479 nm for 

RhEPA, and 370 nm and 452 nm for PdEPA. These results (table 2.1), again, suggest 

increasing intraparticle conjugation for 5d and 4d metals to the right of the periodical 

table. 
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Table 2.1. Summary of FTIR and photoluminescence properties of M-EPA 
nanoparticles 

 
Metal electronic 
Configuration 

Electron 
affinity 
(kJ/mol) 

Core 
diameter 

(nm) 

Aromatic 
ring n=C-H 

(cm-1) 

lex 

(nm) 

lem 
(nm) 

EPA    3026   
RuEPA [Kr 5s14d7] 101.1 1.55 ± 0.37 3021 381 458 
RhEPA [Kr 5s14d8] 109.7 2.30 ± 0.60 3019 390 479 
PdEPA [Kr 5s04d10] 54.2 2.50 ± 0.56 3022 370 452 
IrEPA [Xe 6s24f145d7] 151.0 1.37 ± 0.37 3023 334 388 
PtEPA [Xe 6s14f145d9] 205.3 1.55 ± 0.46 3021 338 399 
AuEPA [Xe 6s14f145d10] 222.7 2.20 ± 0.64 3020 343 403 

 

Figure 2.4. UV-vis and PL spectra of M-EPA nanoparticles of (a-b) 5d 
metals (Ir, Pt and Au) and (c-d) 4d metal (Ru, Rh and Pd) in CHCl3. The PL 
intensity has been normalized to the optical density at the respective 
excitation wavelength. 
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It should be noted that results in the above FTIR and photoluminescence 

measurements are also consistent with electron affinity (Table 2.1) of the metals, which 

is 101.1 kJ/mol for Ru, 109.7 kJ/mol for Rh, 54.2 kJ/mol for Pd, 151.0 kJ/mol for Ir, 

205.3 kJ/mol for Pt and 222.7 kJ/mol for Au, in which Pd is an exception.43 That is, it 

is most likely that the low electron affinity of Pd diminishes the metal-ligand interfacial 

bond, leading to weakened intraparticle charge delocalization, as manifested in a blue-

shift of the aromatic =C-H vibrational stretch and the photoluminescence emission. 

2.5 Conclusion 

Stable nanoparticles of select 4d and 5d metals were prepared by the self-assembly 

of EPA ligands onto the nanoparticle surface forming metal-vinylidene interfacial 

bonds. Spectroscopic measurements show that the intraparticle charge delocalization 

increased with an increase of the number of metal d electrons in the same period, due 

to enhanced pp-dp interactions between the metal cores and carbon p electrons. Pd is 

an exception within this context, which was accounted for by the unusually low electron 

affinity that leads to weakened interfacial bonds and hence intraparticle charge 

delocalization. Results from these studies may offer new fundamental insights into 

organic functionalization of metal nanoparticles and the manipulation of the optical and 

electronic properties. 
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Chapter 3 

 

Intervalence Charge Transfer Mediated by Si Nanoparticles 

 

Reproduced with the permission from (Yi Peng, Christopher P. Deming, Shaowei Chen, 

“Intervalence Charge Transfer Mediated by Silicon Nanoparticles”, ChemElectroChem, 

2016, 3, 1219-1224) © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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3.1 Abstract 

Stable silicon nanoparticles (SiNPs) were synthesized by using a wet chemical 

method with (3-aminopropyl)triethoxysilane as the silicon source and ethynylferrocene 

as the capping ligands by taking advantage of the unique chemical reactivity of 

acetylene moieties with silicon hydride on the nanoparticle surface, forming Si-

CH=CH- interfacial bonds under UV photoirradiation. Transmission electron 

microscopic measurements showed good dispersion of the nanoparticles with an 

average core diameter of 2.96 ± 0.46 nm. From UV/Vis absorption measurements, the 

nanoparticle bandgap was estimated to be 2.6 eV. XPS measurements confirmed the 

successful attachment of ethynylferrocene ligands onto the nanoparticle surface, with 

a footprint consistent with that of ferrocene. Electrochemically, the nanoparticles 

exhibited only one pair of voltammetric waves in the dark, suggesting a lack of effective 

electronic communication between the particle-bound ferrocenyl moieties, because of 

the low conductivity of the nanoparticle cores; whereas, under UV photoirradiation 

(365 nm), two pairs of voltammetric peaks were observed, with a potential spacing of 

125 mV, suggesting that the nanoparticles behaved analogously to a Class II compound. 

This was ascribed to photo-enhanced electronic conductivity of the nanoparticle cores 

that facilitated intervalence charge transfer of the particle-bound ferrocene moieties. 
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3.2 Introduction 

Intervalence charge transfer (IVCT) refers to a unique phenomenon observed with 

organometallic complexes consisting of multiple metal centers that are linked by 

conjugated chemical linkers, such as ferrocene oligomers and the Creutz–Taube ion. At 

mixed valence, rapid charge transfer occurs between the metal centers, leading to the 

emergence of new optical and electrochemical properties.1-8 Recently, it has been found 

that IVCT may also be achieved with functional moieties bound onto (transition-metal) 

nanoparticle surfaces through conjugated metal–ligand interfacial bonds, where the 

metallic nanoparticle cores serve as the conducting media to facilitate intraparticle 

charge delocalization.9 In fact, even a small variation in the valence state of the 

nanoparticle cores through chemical reduction (oxidation) has been shown to cause an 

apparent manipulation of the charge delocalization between nanoparticle-bound 

functional moieties.10 In addition, by incorporating multiple functional groups on the 

nanoparticle surface, specific binding to selective ions/molecules has also been found 

to impact the electronic energy of the metal cores through electrostatic polarization and, 

therefore, intraparticle charge delocalization, as manifested in a deliberate variation of 

the nanoparticle optical/electronic characteristics. This unique feature may be exploited 

for the sensitive and selective detection of diverse chemical species.11-14  
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Indeed, experimentally, a variety of conjugated metal–ligand interfacial bonds 

have recently been formed for nanoparticle surface functionalization. For instance, 

metal–vinylidene (M=C=CH-) or metal–acetylide (M-C≡) bonds have been formed by 

taking advantage of the strong affinity of acetylene derivatives to transition-metal 

surfaces.15-16 Such interfacial bonds may also be formed by using olefin derivatives as 

the capping ligands for platinum nanoparticles, owing to platinum-catalyzed 

dehydrogenation of the vinyl moieties to acetylene groups.17 Upon the self-assembly 

of diazo derivatives on metal surfaces (with concurrent release of nitrogen), metal–

carbene (M=C) p bonds may also be formed at the metal–ligand interface.9 Additionally, 

metal–nitrene (M=N) p bonds have also been formed where nitrene radicals are 

produced through controlled thermolysis of azide derivatives.18 

It has to be noted that these prior studies are primarily limited to transition-metal 

nanoparticles. An immediate question arises: Will effective intraparticle charge 

delocalization still occur when the functional moieties are bonded to semiconductor 

nanoparticles instead? Note, that with an apparent bandgap, the electronic conductivity 

of semiconductor nanoparticles will be markedly lower than that of the metal 

counterparts, which is anticipated to diminish intraparticle charge delocalization, as the 

nanoparticle cores behave equivalently to the chemical linkers bridging the functional 

moieties. Within this context, photoirradiation with photon energy greater than the 
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nanoparticle bandgap will lead to enhanced nanoparticle electronic conductivity and, 

hence, nanoparticle-mediated electronic communication between the particle-bound 

functional moieties. This is the primary motivation of the present study. 

Herein, we used ethynylferrocene-functionalized silicon nanoparticles to examine 

IVCT mediated by semiconductor nanoparticles. The silicon nanoparticles were 

prepared by using a wet chemistry method with (3-aminopropyl)triethoxysilane 

(APTES) as the silicon source. HF etching led to the formation of hydrogenated silicon 

surfaces, which reacted readily with ethynylferrocene (EFc) forming Si-CH=CH-Fc 

interfacial bonds under UV irradiation. The resulting ferrocene-functionalized silicon 

nanoparticles (SiEFc) exhibited a bandgap of about 2.6 eV. In the dark, only one pair 

of voltammetric peaks were observed in electrochemical measurements of the 

nanoparticles in solution; whereas, under UV irradiation (365 nm, 3.40 eV), two pairs 

of voltammetric waves were observed in- stead, with a potential spacing consistent with 

IVCT of Class II compounds. Such photochemical activity was not observed when the 

nanoparticles were functionalized with vinylferrocene (VFc), forming Si-CH2-CH2-Fc 

saturated bonds at the nanoparticle–ligand interface. 
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3.3 Experimental Section 

Chemicals. (3-Aminopropyl)triethoxysilane (APTES, 99 %, Acros), l-ascorbic 

acid (ACS grade, Amresco), sodium hydroxide (NaOH, extra pure, Acros), 

hydrofluoric acid (HF, 49%, Fisher scientific), vinylferrocene (VFc, 97 %, Sigma–

Aldrich), ethynylferrocene (EFc, 99 %, Acros), calcium chloride (CaCl2·6H2O), and 

tetrabutylammonium perchlorate (TBAP, 99%, Acros) were used as received. All 

solvents were obtained from typical commercial sources at their highest purity and used 

without further treatment. Water was supplied by a Barnstead Nanopure water system 

(18.3 MW cm)  

Synthesis and Surface Functionalization of Silicon Nanoparticles. 

Ethynylferrocene-functionalized silicon (SiEFc) nanoparticles were synthesized by 

adopting a procedure reported in the literature.19 In brief, APTES (5 mL) was added to 

N2-saturated Nanopure water (20 mL) with magnetic stirring for 10 min, into which a 

1:1 (v/v) mixture of 0.2mL-ascorbic acid and 0.25m NaOH (6.5mL) was added. The 

resulting solution was subjected to magnetic stirring for another 2 h, where the 

emergence of an orange–red color signified the formation of silicon nanoparticles 

(SiNPs). The nanoparticle solution was then dried by rotary evaporation and the 

obtained solids were re-dissolved in 10 mL of a 1:1:1 (v/v/v) mixture of Nanopure water, 
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ethanol, and hydrofluoric acid to form hydrogenated silicon nanoparticles (SiHNPs). 

Into this solution, EFc (30 mg) was added and then stirred vigorously overnight under 

UV photo- irradiation (254 nm, 6 W).20-22 CaCl2 was subsequently added to precipitate 

excess hydrofluoric acid, and the solution part was collected and dried by rotary 

evaporation after the addition of methanol (40 mL). After centrifugation at 6000 rpm 

for 10 min, the supernatant was collected and condensed to 5 mL. Then, a large excess 

of hexane was added to remove remaining monomeric ethynylferrocence and the 

extraction was repeated five times, affording purified ethynylferrocene-functionalized 

silicon nanoparticles (SiEFc) in the methanol layer with the formation of Si-CH=CH-

Fc interfacial bonds. Vinylferrocene-functionalized silicon nanoparticles (SiVFc) were 

pre- pared in a similar fashion, except that VFc was used instead of EFc, where Si-CH2-

CH2-Fc interfacial bonds were formed.  

Characterization. The nanoparticle size and morphological features were 

characterized with transmission electron microscopy (TEM, Philips CM300 at 300kV). 

X-ray photoelectron spectroscopic measurements were carried out with a PHI 

5400/XPS instrument equipped with an AlKa source operated at 350 W and at 109 Torr. 

UV/Vis spectroscopic studies were carried out with an ATI Uni-cam UV4 spectrometer. 

FTIR measurements were carried out with a PerkinElmer FTIR spectrometer 
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(Spectrum One), where the samples were prepared by compressing the samples into a 

KBr pellet. The spectral resolution was 4 cm-1.  

Electrochemistry. Voltammetric measurements were performed with a CHI 440 

electrochemical workstation. A polycrystalline gold disk electrode (sealed in glass 

tubing) was used as the working electrode. A Pt coil and a Ag/AgCl wire were used as 

counter electrode and reference electrode, respectively. The gold electrode was first 

polished with alumina slurries (0.05 mm) and then cleaned with sonication in H2SO4 

and Nanopure water. Prior to data acquisition, the electrolyte solution was deaerated by 

bubbling ultrahigh-purity N2 for at least 20 min and blanketed with a nitrogen 

atmosphere during the entire experimental procedure. Voltammograms were acquired 

both in the dark and under UV photoirradiation with a UV light source (365 nm, 6 W). 

Note, that the potentials were calibrated against the formal potential of ferrocene 

monomers (Fc+/Fc) in the same electrolyte solution. 

3.4 Results and Discussion 

The synthetic method is schematically illustrated in Scheme 3.1. Briefly, APTES 

is reduced by L-ascorbic acid whilst under vigorous stirring for 2 h, producing SiNPs, 

as based on a previous report with some modification.19 HF treatment led to the 

effective removal of a thin oxide layer on the nanoparticle surface, forming 
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hydrogenated silicon nanoparticles (SiHNPs).23 The surface Si-H moieties are known 

to exhibit unique chemical reactivity, undergoing hydrosilylation reactions with 

acetylene (HC≡C-R) and olefin (CH2=CH-R) derivatives under UV photo-irradiation, 

forming Si-CH=CH-R and Si-CH2-CH2-R bonds, respectively.20-22 This was exploited 

for the functionalization of the SiNPs with ethynylferrocene and vinylferrocene, 

producing SiEFc and SiVFc with the formation of Si-CH=CH-Fc and Si-CH2-CH2-Fc 

interfacial bonds, respectively. 

 

Scheme 3.1. Schematic diagram of the synthesis of SiEFc and SiVFc 
nanoparticles. 

Herein, we used ethynylferrocene-functionalized silicon
nanoparticles to examine IVCT mediated by semiconductor
nanoparticles. The silicon nanoparticles were prepared by
using a wet chemistry method with (3-aminopropyl)triethoxysi-
lane (APTES) as the silicon source. HF etching led to the forma-
tion of hydrogenated silicon surfaces, which reacted readily
with ethynylferrocene (EFc) forming Sǐ CH=CH F̌c interfacial
bonds under UV irradiation. The resulting ferrocene-functional-
ized silicon nanoparticles (SiEFc) exhibited a bandgap of about
2.6 eV. In the dark, only one pair of voltammetric peaks were
observed in electrochemical measurements of the nanoparti-
cles in solution; whereas, under UV irradiation (365 nm,
3.40 eV), two pairs of voltammetric waves were observed in-
stead, with a potential spacing consistent with IVCT of Class II
compounds. Such photochemical activity was not observed
when the nanoparticles were functionalized with vinylferro-
cene (VFc), forming Sǐ CH2̌ CH2̌ Fc saturated bonds at the
nanoparticle–ligand interface.

2. Results and Discussion

The synthetic method is schematically illustrated in Scheme 1.
Briefly, APTES is reduced by l-ascorbic acid whilst under vigo-
rous stirring for 2 h, producing SiNPs, as based on a previous
report with some modification.[8] HF treatment led to the effec-

tive removal of a thin oxide layer on the nanoparticle surface,
forming hydrogenated silicon nanoparticles (SiHNPs).[10] The
surface Sǐ H moieties are known to exhibit unique chemical
reactivity, undergoing hydrosilylation reactions with acetylene
(HC⌘C Ř) and olefin (CH2=CH Ř) derivatives under UV photo-
irradiation, forming Sǐ CH=CH Ř and Sǐ CH2̌ CH2̌ R bonds,
respectively.[9] This was exploited for the functionalization of
the SiNPs with ethynylferrocene and vinylferrocene, producing
SiEFc and SiVFc with the formation of Sǐ CH=CH F̌c and Sǐ
CH2̌ CH2̌ Fc interfacial bonds, respectively.

The structure of the resulting nanoparticles was first charac-
terized by using TEM measurements. Figure 1 A depicts a repre-

sentative TEM image of the SiEFc nanoparticles. One can see
that the nanoparticles were rather uniform in size and well dis-
persed without apparent agglomeration, suggesting sufficient
protection of the nanoparticles by the organic capping ligands.
Statistical analysis based on more than 150 nanoparticles
showed that the average core diameter of the nanoparticles
was estimated to be 2.96⌃0.46 nm, as manifested in the core-
size histogram in the inset of Figure 1 A. In addition, well-de-
fined lattice fringes can readily be identified in high-resolution
TEM measurements, even without any post-synthesis anneal-
ing, where the lattice spacing of 0.30 nm is consistent with the
interplanar distance of Si(111) crystalline planes (JCPDS card
No. 00-001-0787), as depicted in Figure 1 B. Consistent results
were obtained with the SiVFc nanoparticles.

As the Bohr radius of bulk silicon is about 4.3 nm,[11] the fact
that the resulting nanoparticles are markedly smaller suggests
strong quantum confinement effect.[12] Note that the bandgap
(ENP

g ) of semiconductor nanoparticles may be estimated by the

Scheme 1. Schematic diagram of the synthesis of SiEFc and SiVFc nano-
particles.

Figure 1. Representative TEM images of SiEFc nanoparticles. Scale bars are
A) 10 nm and B) 2 nm. Inset is the core-size histogram.
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Figure 3.1. Representative TEM micrographs of SiEFc nanoparticles. Scale 
bars are (a) 10 nm and (b) 2 nm. Inset is the core size histogram.  

The structure of the resulting nanoparticles was first characterized by using TEM 

measurements. Figure 3.1a depicts a representative TEM image of the SiEFc 

nanoparticles. One can see that the nanoparticles were rather uniform in size and well 

dispersed without apparent agglomeration, suggesting sufficient protection of the 

nanoparticles by the organic capping ligands. Statistical analysis based on more than 

150 nanoparticles showed that the average core diameter of the nanoparticles was 

estimated to be 2.96 ± 0.46 nm, as manifested in the core-size histogram in the inset of 

Figure 3.1a. In addition, well-defined lattice fringes can readily be identified in high-

resolution TEM measurements, even without any post-synthesis annealing, where the 

lattice spacing of 0.30 nm is consistent with the interplanar distance of Si(111) 
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crystalline planes (JCPDS card No. 00-001-0787), as depicted in Figure 3.1b. 

Consistent results were obtained with the SiVFc nanoparticles.  

 

Figure 3.2. UV-vis spectrum of SiEFc nanoparticles in toluene. a is the 
absorbance and hn is the photon-energy Dashed line is the linear 
extrapolation to the x-axis. Inset is the excitation and emission spectra of the 
same nanoparticle solution. 

As the Bohr radius of bulk silicon is about 4.3 nm,24 the fact that the resulting 

nanoparticles are markedly smaller suggests strong quantum confinement effect.25 Note 

that the bandgap (𝐸012 ) of semiconductor nanoparticles may be estimated by the 

following equation, 𝐸012 = 𝐸03456 +
89
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A, where 𝐸03456 is the bulk bandgap, 

h is the Planck’s constant, r is the nanoparticle core radius, mh and me are the effective 

mass of the hole and electron, respectively.26 For the SiEFc nanoparticles synthesized 

above, mh = 0.286mo and me = 0.19mo with mo being the electron rest mass, and thus 

following equation, ENP
g à Ebulk

g á h2

8r2
1

mh
á 1

me

⇣ ⌘
, where Ebulk

g is the
bulk bandgap, h is Planck’s constant, r is the nanoparticle core
radius, mh and me are the effective mass of the hole and elec-
tron, respectively.[13] For the SiEFc nanoparticles synthesized
above, mh = 0.286 mo and me = 0.19 mo with mo being the elec-
tron rest mass, and thus ENP

g was estimated to be approximately
2.63 eV, in comparison to 1.12 eV for bulk Si.[11, 14] This is in
good agreement with results obtained from nanoparticle UV/
Vis absorption measurements. Note, that prior research has
shown that silicon nanoparticles exhibit mostly an indirect
bandgap;[14] thus, when (ahv)

1=2 is plotted against (hnˇEg), with
a being the optical absorbance and hn the photon energy, ex-
trapolation of the spectrum to the x axis (dashed line, Figure 2)
may be exploited for the quantitative assessment of the nano-

particle bandgap, which was approximately 2.59 eV. Consistent
results were obtained in photoluminescence measurements.
As depicted in the inset to Figure 2, one can see that the SiEFc
nanoparticles exhibited a clearly defined excitation peak at
412 nm (3.01 eV) along with an emission peak at 496 nm
(2.50 eV), where the asymmetry of the photoluminescence pro-
files might be partly ascribed to stronger oscillator strength of
smaller nanoparticles.[14] Similar behaviors were observed with
SiVFc nanoparticles.

The successful binding of the EFc ligands onto the nanopar-
ticle surface was confirmed by using FTIR measurements. From
Figure 3, one can see that monomeric EFc exhibits several
characteristic vibrational features, including the terminal ⌘Cˇ
H stretch at 3294 cmˇ1, C⌘C stretch at 2105 cmˇ1, ferrocenyl
skeleton vibrations (C=C) at 1400–1500 cmˇ1, and ring = CˇH
stretch at 3094 cmˇ1.[15] Yet, upon hydrosilylation reactions
with Sǐ H on the silicon nanoparticles, both the ⌘CˇH and
C⌘C vibrational stretches vanished, whereas the ferrocenyl C=
C and ring = CˇH stretches remained, which is consistent with
the binding of EFc ligands onto the nanoparticle surface form-

ing Sǐ CH=CH F̌c interfacial linkages, as depicted in Scheme 1
(the corresponding C=C vibration can be found at
1655 cmˇ1).[16] This also indicates that the resulting SiEFc nano-
particles were free of excess EFc monomers. The fact that no
vibrational feature was observed at approximately 2100 cmˇ1

indicates the very efficient reaction of the surface Sǐ H groups
with the EFc ligands. Similar spectral characteristics can be
seen with the SiVFc nanoparticles, except that no interfacial C=
C vibration was observed at 1655 cmˇ1.

Further structural characterizations were then carried out by
using XPS measurements. From the survey spectrum in Fig-
ure 4 A, the Si 2p, C 1s, and Fe 2p electrons can be readily iden-
tified at approximately 100, 285, and 720 eV, respectively
(along with O 1s electrons at ca. 532 eV). Panel B depicts the
high-resolution scan of the Si 2p electrons, where deconvolu-
tion yields two sub-peaks at 98.8 and 101.6 eV. The former

Figure 2. UV/Vis spectrum of SiEFc nanoparticles in toluene; a is the absorb-
ance and hn is the photon energy. Dashed line is the linear extrapolation to
the x axis. Inset: excitation and emission spectra of the same nanoparticle
solution.

Figure 3. FTIR spectra of EFc monomers, SiEFc and SiVFc nanoparticles.

Figure 4. A) XPS survey spectrum of SiEFc nanoparticles, and high-resolution
scans of the corresponding B) Si 2p, C) Fe 2p, and D) C 1s electrons. Spiky
curves are experimental data and smooth curves are deconvolution fits.

ChemElectroChem 2016, 3, 1219 – 1224 www.chemelectrochem.org ⌫ 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1221

Articles



 

 107 

𝐸012was estimated to be approximately 2.63 eV, in comparison to 1.12 eV for bulk Si.27 

This is in good agreement with results obtained from nanoparticle UV/ Vis absorption 

measurements. Note, that prior research has shown that silicon nanoparticles exhibit 

mostly an indirect bandgap;27 thus, when (αhv)½ is plotted against (hν-Eg), with a being 

the optical absorbance and hν the photon energy, extrapolation of the spectrum to the x 

axis (dashed line, Figure 3.2) may be exploited for the quantitative assessment of the 

nanoparticle bandgap, which was approximately 2.59 eV. Consistent results were 

obtained in photoluminescence measurements. As depicted in the inset to Figure 3.2, 

one can see that the SiEFc nanoparticles exhibited a clearly defined excitation peak at 

412 nm (3.01eV) along with an emission peak at 496nm (2.50 eV), where the 

asymmetry of the photoluminescence pro- files might be partly ascribed to stronger 

oscillator strength of smaller nanoparticles.27 Similar behaviors were observed with 

SiVFc nanoparticles.  



 

 108 

 

Figure 3.3. FTIR spectra of EFc monomers, SiEFc and SiVFc nanoparticles. 

The successful binding of the EFc ligands onto the nanoparticle surface was 

confirmed by using FTIR measurements. From Figure 3.3, one can see that monomeric 

EFc exhibits several characteristic vibrational features, including the terminal ≡C-H 

stretch at 3294 cm-1, C≡C stretch at 2105 cm-1, ferrocenyl skeleton vibrations (C=C) 

at 1400–1500 cm-1, and ring =C-H stretch at 3094 cm-1.28-29 Yet, upon hydrosilylation 

reactions with Si-H on the silicon nanoparticles, both the ≡C-H and C≡C vibrational 

stretches vanished, whereas the ferrocenyl C=C and ring =C-H stretches remained, 

which is consistent with the binding of EFc ligands onto the nanoparticle surface 

forming Si-CH=CH-Fc interfacial linkages, as depicted in Scheme 3.1 (the 

corresponding C=C vibration can be found at 1655 cm-1).30 This also indicates that the 

following equation, ENP
g à Ebulk

g á h2

8r2
1

mh
á 1

me

⇣ ⌘
, where Ebulk

g is the
bulk bandgap, h is Planck’s constant, r is the nanoparticle core
radius, mh and me are the effective mass of the hole and elec-
tron, respectively.[13] For the SiEFc nanoparticles synthesized
above, mh = 0.286 mo and me = 0.19 mo with mo being the elec-
tron rest mass, and thus ENP

g was estimated to be approximately
2.63 eV, in comparison to 1.12 eV for bulk Si.[11, 14] This is in
good agreement with results obtained from nanoparticle UV/
Vis absorption measurements. Note, that prior research has
shown that silicon nanoparticles exhibit mostly an indirect
bandgap;[14] thus, when (ahv)

1=2 is plotted against (hnˇEg), with
a being the optical absorbance and hn the photon energy, ex-
trapolation of the spectrum to the x axis (dashed line, Figure 2)
may be exploited for the quantitative assessment of the nano-

particle bandgap, which was approximately 2.59 eV. Consistent
results were obtained in photoluminescence measurements.
As depicted in the inset to Figure 2, one can see that the SiEFc
nanoparticles exhibited a clearly defined excitation peak at
412 nm (3.01 eV) along with an emission peak at 496 nm
(2.50 eV), where the asymmetry of the photoluminescence pro-
files might be partly ascribed to stronger oscillator strength of
smaller nanoparticles.[14] Similar behaviors were observed with
SiVFc nanoparticles.

The successful binding of the EFc ligands onto the nanopar-
ticle surface was confirmed by using FTIR measurements. From
Figure 3, one can see that monomeric EFc exhibits several
characteristic vibrational features, including the terminal ⌘Cˇ
H stretch at 3294 cmˇ1, C⌘C stretch at 2105 cmˇ1, ferrocenyl
skeleton vibrations (C=C) at 1400–1500 cmˇ1, and ring = CˇH
stretch at 3094 cmˇ1.[15] Yet, upon hydrosilylation reactions
with Sǐ H on the silicon nanoparticles, both the ⌘CˇH and
C⌘C vibrational stretches vanished, whereas the ferrocenyl C=
C and ring = CˇH stretches remained, which is consistent with
the binding of EFc ligands onto the nanoparticle surface form-

ing Sǐ CH=CH F̌c interfacial linkages, as depicted in Scheme 1
(the corresponding C=C vibration can be found at
1655 cmˇ1).[16] This also indicates that the resulting SiEFc nano-
particles were free of excess EFc monomers. The fact that no
vibrational feature was observed at approximately 2100 cmˇ1

indicates the very efficient reaction of the surface Sǐ H groups
with the EFc ligands. Similar spectral characteristics can be
seen with the SiVFc nanoparticles, except that no interfacial C=
C vibration was observed at 1655 cmˇ1.

Further structural characterizations were then carried out by
using XPS measurements. From the survey spectrum in Fig-
ure 4 A, the Si 2p, C 1s, and Fe 2p electrons can be readily iden-
tified at approximately 100, 285, and 720 eV, respectively
(along with O 1s electrons at ca. 532 eV). Panel B depicts the
high-resolution scan of the Si 2p electrons, where deconvolu-
tion yields two sub-peaks at 98.8 and 101.6 eV. The former

Figure 2. UV/Vis spectrum of SiEFc nanoparticles in toluene; a is the absorb-
ance and hn is the photon energy. Dashed line is the linear extrapolation to
the x axis. Inset: excitation and emission spectra of the same nanoparticle
solution.

Figure 3. FTIR spectra of EFc monomers, SiEFc and SiVFc nanoparticles.

Figure 4. A) XPS survey spectrum of SiEFc nanoparticles, and high-resolution
scans of the corresponding B) Si 2p, C) Fe 2p, and D) C 1s electrons. Spiky
curves are experimental data and smooth curves are deconvolution fits.
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resulting SiEFc nanoparticles were free of excess EFc monomers. The fact that no 

vibrational feature was observed at approximately 2100 cm-1 indicates the very efficient 

reaction of the surface Si-H groups with the EFc ligands. Similar spectral 

characteristics can be seen with the SiVFc nanoparticles, except that no interfacial C=C 

vibration was observed at 1655 cm-1.  

 

Figure 3.4. (a) XPS survey spectrum of SiEFc nanoparticles, and high-
resolution scans of the corresponding (b) Si2p, (c) Fe2p and (d) C1s electrons. 
Spiky curves are experimental data and smooth curves are deconvolution fits. 

Further structural characterizations were then carried out by using XPS 

measurements. From the survey spectrum in Figure 3.4a, the Si 2p, C 1s, and Fe 2p 

following equation, ENP
g à Ebulk

g á h2

8r2
1

mh
á 1

me

⇣ ⌘
, where Ebulk

g is the
bulk bandgap, h is Planck’s constant, r is the nanoparticle core
radius, mh and me are the effective mass of the hole and elec-
tron, respectively.[13] For the SiEFc nanoparticles synthesized
above, mh = 0.286 mo and me = 0.19 mo with mo being the elec-
tron rest mass, and thus ENP

g was estimated to be approximately
2.63 eV, in comparison to 1.12 eV for bulk Si.[11, 14] This is in
good agreement with results obtained from nanoparticle UV/
Vis absorption measurements. Note, that prior research has
shown that silicon nanoparticles exhibit mostly an indirect
bandgap;[14] thus, when (ahv)

1=2 is plotted against (hnˇEg), with
a being the optical absorbance and hn the photon energy, ex-
trapolation of the spectrum to the x axis (dashed line, Figure 2)
may be exploited for the quantitative assessment of the nano-

particle bandgap, which was approximately 2.59 eV. Consistent
results were obtained in photoluminescence measurements.
As depicted in the inset to Figure 2, one can see that the SiEFc
nanoparticles exhibited a clearly defined excitation peak at
412 nm (3.01 eV) along with an emission peak at 496 nm
(2.50 eV), where the asymmetry of the photoluminescence pro-
files might be partly ascribed to stronger oscillator strength of
smaller nanoparticles.[14] Similar behaviors were observed with
SiVFc nanoparticles.

The successful binding of the EFc ligands onto the nanopar-
ticle surface was confirmed by using FTIR measurements. From
Figure 3, one can see that monomeric EFc exhibits several
characteristic vibrational features, including the terminal ⌘Cˇ
H stretch at 3294 cmˇ1, C⌘C stretch at 2105 cmˇ1, ferrocenyl
skeleton vibrations (C=C) at 1400–1500 cmˇ1, and ring = CˇH
stretch at 3094 cmˇ1.[15] Yet, upon hydrosilylation reactions
with Sǐ H on the silicon nanoparticles, both the ⌘CˇH and
C⌘C vibrational stretches vanished, whereas the ferrocenyl C=
C and ring = CˇH stretches remained, which is consistent with
the binding of EFc ligands onto the nanoparticle surface form-

ing Sǐ CH=CH F̌c interfacial linkages, as depicted in Scheme 1
(the corresponding C=C vibration can be found at
1655 cmˇ1).[16] This also indicates that the resulting SiEFc nano-
particles were free of excess EFc monomers. The fact that no
vibrational feature was observed at approximately 2100 cmˇ1

indicates the very efficient reaction of the surface Sǐ H groups
with the EFc ligands. Similar spectral characteristics can be
seen with the SiVFc nanoparticles, except that no interfacial C=
C vibration was observed at 1655 cmˇ1.

Further structural characterizations were then carried out by
using XPS measurements. From the survey spectrum in Fig-
ure 4 A, the Si 2p, C 1s, and Fe 2p electrons can be readily iden-
tified at approximately 100, 285, and 720 eV, respectively
(along with O 1s electrons at ca. 532 eV). Panel B depicts the
high-resolution scan of the Si 2p electrons, where deconvolu-
tion yields two sub-peaks at 98.8 and 101.6 eV. The former

Figure 2. UV/Vis spectrum of SiEFc nanoparticles in toluene; a is the absorb-
ance and hn is the photon energy. Dashed line is the linear extrapolation to
the x axis. Inset: excitation and emission spectra of the same nanoparticle
solution.

Figure 3. FTIR spectra of EFc monomers, SiEFc and SiVFc nanoparticles.

Figure 4. A) XPS survey spectrum of SiEFc nanoparticles, and high-resolution
scans of the corresponding B) Si 2p, C) Fe 2p, and D) C 1s electrons. Spiky
curves are experimental data and smooth curves are deconvolution fits.
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electrons can be readily identified at approximately 100, 285, and 720eV, respectively 

(along with O 1s electrons at ca. 532 eV). Figure 3.4b depicts the high-resolution scan 

of the Si 2p electrons, where deconvolution yields two sub-peaks at 98.8 and 101.6 eV. 

The former may be assigned to elemental Si of the nanoparticle cores, whereas the latter 

likely entails the combined contributions of Si in the Si-CH=CH-Fc interfacial linkages 

as well as residual APTES ligands, but not SiO2, which is markedly higher at 

approximately 103 eV.31 For the Fe 2p electrons in figure 3.4c, two peaks can be 

resolved at 710.6 eV (Fe 2p3/2) and 720.4 eV (Fe2p1/2), consistent with those of 

ferrocene derivatives.6, 32 The C 1s spectrum is shown in figure 3.4d, where a major 

peak can be observed at 284.2 eV, likely arising from ferrocenyl carbons,33 whereas the 

minor peak at 286.1 eV is consistent with carbon in C-O bonds from residual APTES 

ligands. Taken together, these results confirmed the surface functionalization of the 

silicon nanoparticles by the EFc ligands forming Si-CH=CH-Fc interfacial bonds 

(Scheme 3.1). Furthermore, based on the integrated peak areas of the Fe 2p and Si 2p 

electrons, the atomic ratio of Fe/Si was estimated to be 0.088:1. Given that the 

nanoparticle core diameter is 2.96 nm (Figure 3.1) and the density of bulk silicon is 

2.328 g cm-3, one can therefore estimate the footprint of one EFc ligand on the 

nanoparticle surface to be 0.46 nm2, which is in excellent agreement with the cross- 

sectional area of the ferrocenyl moiety (0.45 nm2).34 This suggests an almost full 
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monolayer of EFc ligands on the nanoparticles, consistent with the good dispersion of 

the nanoparticles observed in TEM measurements (Figure 3.1).  

 

Figure 3.5. SWVs of (a) SiEFc and (b) SiVFc nanoparticles in 0.1 M TBAP 
in DMF in the dark and under UV photoirradiation (365 nm, 6 mW. SWVs 
collected with the blank supporting electrolyte were also included. In panel 
(a), long and medium dashed curves are the deconvolution fits of the 
voltammograms acquired under UV photoirradiation. 

may be assigned to elemental Si of the nanoparticle cores,
whereas the latter likely entails the combined contributions of
Si in the Sǐ CH=CH F̌c interfacial linkages as well as residual
APTES ligands, but not SiO2, which is markedly higher at ap-
proximately 103 eV.[17] For the Fe 2p electrons in panel C, two
peaks can be resolved at 710.6 eV (Fe 2p3/2) and 720.4 eV
(Fe 2p1/2), consistent with those of ferrocene derivatives.[18] The
C 1s spectrum is shown in panel D, where a major peak can be
observed at 284.2 eV, likely arising from ferrocenyl carbons,[19]

whereas the minor peak at 286.1 eV is consistent with carbon
in CˇO bonds from residual APTES ligands. Taken together,
these results confirmed the surface functionalization of the sili-
con nanoparticles by the EFC ligands forming Sǐ CH=CH F̌c
interfacial bonds (Scheme 1). Furthermore, based on the inte-
grated peak areas of the Fe 2p and Si 2p electrons, the atomic
ratio of Fe/Si was estimated to be 0.088:1. Given that the
nanoparticle core diameter is 2.96 nm (Figure 1) and the densi-
ty of bulk silicon is 2.328 g cmˇ3, one can therefore estimate
the footprint of one EFc ligand on the nanoparticle surface to
be 0.46 nm2, which is in excellent agreement with the cross-
sectional area of the ferrocenyl moiety (0.45 nm2).[20] This sug-
gests an almost full monolayer of EFc ligands on the nanopar-
ticles, consistent with the good dispersion of the nanoparticles
observed in TEM measurements (Figure 1).

The electron-transfer properties of the SiEFc nanoparticles
were then examined by voltammetric measurements. Fig-
ure 5 A depicts the square-wave voltammograms (SWVs) of the
SiEFc nanoparticles at a concentration of 10 mg mLˇ1 in DMF
with 0.1 m TBAP as the supporting electrolyte (SWV was em-

ployed primarily to enhance peak resolution). When the vol-
tammograms were acquired in the dark (dotted curves),
a single pair of voltammetric peaks can be seen clearly stand-
ing out of the featureless background (dashed curves) within
the potential range of ˇ0.2 to + 0.3 V, with the formal poten-
tial E8’= + 0.084 V (vs. Fc+/Fc), which is attributable to the
redox reaction of the ferrocene moieties bound on the silicon
nanoparticle surface, Fc+ + eˇ= Fc. One may notice that de-
spite the formation of Sǐ CH=CH F̌c bonds at the nanoparti-
cle–ligand interface, no apparent IVCT was observed with SiEFc
nanoparticles, which might be ascribed to the low electrical
conductivity of the Si cores that limited intraparticle charge
transfer because of the substantial bandgap (Figure 2). This is
in contrast with earlier results obtained with metal nanoparti-
cle cores.[2] Interestingly, upon exposure to UV photoirradiation
(365 nm or 3.40 eV, 6 W), the voltammetric peaks became
asymmetrically broadened, and deconvolution actually yielded
two pairs of peaks with the formal potentials at ˇ0.032 and
+ 0.093 V, respectively (medium and long dashed curves). The
appearance of two pairs of voltammetric peaks, instead of one,
strongly suggests that IVCT occurred between the nanoparti-
cle-bound ferrocenyl moieties. This is likely facilitated by the
photo-enhanced electrical conductivity of the nanoparticle
cores.[21]

As mentioned earlier, nanoparticle-mediated IVCT has been
observed mainly with metal nanoparticles. For instance, when
ferrocene moieties were bound onto ruthenium nanoparticle
surfaces by ruthenium–carbene p bonds (Ru=CH-Fc), two pairs
of voltammetric waves were observed with a peak spacing of
about 200 mV,[2] consistent with Class II compounds as defined
by Robin et al. and Day et al.[1b, g] In the present study, the peak
spacing of 125 mV is smaller, indicating diminished electronic
communication through the semiconducting particle cores, al-
though it remains within the range of Class II classification.
Nevertheless, it should be noted that, in the earlier study with
ferrocene-functionalized carbon nanoparticles, the peak spac-
ing was only 107 mV under UV photoirradiation, which was
40 mV greater than that observed in the dark, and the nano-
particles were classified as a Class I/II compound.[18b] This is
probably because of the lack of crystallinity of the carbon
nanoparticles, leading to limited enhancement of the nanopar-
ticle electrical conductivity of effects by photoirradiation.

In a prior study based on DFT calculations,[22] we examined
the impacts of the length of the chemical bridge on IVCT of bi-
ferrocene derivatives and found that the Fč (CH=CH)ň Fc+

mixed-valence compounds belonged to Class II, even at n = 3,
in contrast to Fč (CH2-CH2)ň Fc+ , where the saturated spacers
rendered the compound to behave as a Class I complex. This is
in good agreement with the results observed above, with the
SiEFc nanoparticles under UV photoirradiation. In fact, in the
present study, when vinylferrocene was used instead for SiHNP
surface functionalization, the resulting SiVFc nanoparticles
were capped by saturated interfacial linkages of Sǐ CH2̌ CH2̌

Fc (Scheme 1). Electrochemical measurements exhibited only
one pair of voltammetric waves (E8’= + 0.054 V) both in the
dark and under UV photoirradiation, as manifested in Fig-
ure 5 B. This indicates that both the silicon nanoparticle cores

Figure 5. SWVs of A) SiEFc and B) SiVFc nanoparticles in 0.1 m TBAP in DMF
in the dark and under UV photoirradiation (365 nm, 6 mW). SWVs collected
with the blank supporting electrolyte are also included. Nanoparticle con-
centration: 10 mg mLˇ1; increment of potential : 2 mV; amplitude: 25 mV; fre-
quency: 15 Hz. Long and medium dashed curves in (A) are the deconvolu-
tion fits of the voltammograms acquired under UV photoirradiation.
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The electron-transfer properties of the SiEFc nanoparticles were then examined 

by voltammetric measurements. Figure 3.5a depicts the square-wave voltammograms 

(SWVs) of the SiEFc nanoparticles at a concentration of 10 mg mL-1 in DMF with 0.1m 

TBAP as the supporting electrolyte (SWV was employed primarily to enhance peak 

resolution). When the voltammograms were acquired in the dark (dotted curves), a 

single pair of voltammetric peaks can be seen clearly standing out of the featureless 

background (dashed curves) within the potential range of -0.2 to +0.3 V, with the formal 

potential Eo’ = + 0.084 V (vs. Fc+/Fc), which is attributable to the redox reaction of the 

ferrocene moieties bound on the silicon nanoparticle surface, Fc+ + e- = Fc. One may 

notice that de- spite the formation of Si-CH=CH-Fc bonds at the nanoparticle–ligand 

interface, no apparent IVCT was observed with SiEFc nanoparticles, which might be 

ascribed to the low electrical conductivity of the Si cores that limited intraparticle 

charge transfer because of the substantial bandgap (Figure 3.2). This is in contrast with 

earlier results obtained with metal nanoparticle cores.9 Interestingly, upon exposure to 

UV photoirradiation (365 nm or 3.40 eV, 6 W), the voltammetric peaks became 

asymmetrically broadened, and deconvolution actually yielded two pairs of peaks with 

the formal potentials at -0.032 and + 0.093 V, respectively (medium and long dashed 

curves). The appearance of two pairs of voltammetric peaks, instead of one, strongly 

suggests that IVCT occurred between the nanoparticle-bound ferrocenyl moieties. This 
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is likely facilitated by the photo-enhanced electrical conductivity of the nanoparticle 

cores.35  

As mentioned earlier, nanoparticle-mediated IVCT has been observed mainly with 

metal nanoparticles. For instance, when ferrocene moieties were bound onto ruthenium 

nanoparticle surfaces by ruthenium–carbene p bonds (Ru=CH-Fc), two pairs of 

voltammetric waves were observed with a peak spacing of about 200 mV, 9 consistent 

with Class II compounds as defined by Robin et al. and Day et al.2, 4 In the present 

study, the peak spacing of 125 mV is smaller, indicating diminished electronic 

communication through the semiconducting particle cores, although it remains within 

the range of Class II classification. Nevertheless, it should be noted that, in the earlier 

study with ferrocene-functionalized carbon nanoparticles, the peak spacing was only 

107 mV under UV photoirradiation, which was 40 mV greater than that observed in the 

dark, and the nanoparticles were classified as a Class I/II compound.21 This is probably 

because of the lack of crystallinity of the carbon nanoparticles, leading to limited 

enhancement of the nanoparticle electrical conductivity of effects by photoirradiation.  

In a prior study based on DFT calculations,36 we examined the impacts of the 

length of the chemical bridge on IVCT of bi-ferrocene derivatives and found that the 

Fc-(CH=CH)n-Fc+ mixed-valence compounds belonged to Class II, even at n=3, in 

contrast to Fc-(CH2-CH2)n-Fc+, where the saturated spacers rendered the compound to 
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behave as a Class I complex. This is in good agreement with the results observed above, 

with the SiEFc nanoparticles under UV photoirradiation. In fact, in the present study, 

when vinylferrocene was used instead for SiHNP surface functionalization, the 

resulting SiVFc nanoparticles were capped by saturated interfacial linkages of Si-CH2-

CH2-Fc (Scheme 3.1). Electrochemical measurements exhibited only one pair of 

voltammetric waves (Eo’ = +0.054V) both in the dark and under UV photoirradiation, 

as manifested in Figure 3.5b. This indicates that both the silicon nanoparticle cores and 

the hydrocarbon spacers play a critical role in controlling the electronic communication 

between the particle-bound functional moieties.  

3.5 Conclusion 

In this study, silicon nanoparticles were synthesized through the chemical 

reduction of APTES. As the size of the nanoparticles was markedly smaller than the 

silicon Bohr radius, a marked quantum confinement effect was observed, as manifested 

by UV/Vis spectroscopic measurements, where the bandgap was estimated to be about 

1.5 eV larger than that of bulk silicon. HF etching led to the formation of Si-H on the 

nanoparticle surface, which underwent photo-initiated hydrosilylation reactions with 

ethynylferrocene and vinylferrocene, forming Si-CH=CH-Fc and Si-CH2-CH2-Fc 

interfacial linkages, respectively. XPS measurements confirmed the formation of a 
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compact monolayer of ligands on the nanoparticle surface. Interestingly, for the 

ethynylferrocene-functionalized nanoparticles, effective IVCT was observed in 

electrochemical measurements under UV photoirradiation, as manifested by the 

emergence of two pairs of voltammetric waves with a peak spacing of 125 mV, 

consistent with Class II compounds, in contrast to only one pair of peaks when the 

measurements were conducted in the dark. This was ascribed to photo-enhanced 

electrical conductivity of the nanoparticle cores that facilitated intraparticle charge 

delocalization of the nanoparticle-bound ferrocenyl groups. Control experiment with 

vinylferrocene-functionalized nanoparticles exhibited only a single pair of 

voltammetric peaks both in the dark and under similar UV photoirradiation, primarily 

because of the saturated interfacial linkage that impeded intraparticle charge transfer.  
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Chapter 4 

 

A Combination of Theoretical and Experimental Study of Charge Transfer at 

the Interface of Alkyne Functionalized TiO2 Nanoparticles 

 

Reproduced with the permission from (Yi Peng, Bingzhang Lu, Feng Wu, Fengqi 

Zhang, Jia En Lu, Xiongwu Kang, Yuan Ping, Shaowei Chen, “Point of Anchor: 

Impacts on Interfacial Charge Transfer of Metal Oxide Nanoparticles”, J. Am. Chem. 

Soc., 2018, 140, 15290-15299) © 2018 American Chemical Society; and (Yi Peng, Jia 

En Lu, Christopher P. Deming, Limei Chen, Nan Wang, Eduardo Y. Hirata, Shaowei 

Chen, “Photo-Gated Intervalence Charge Transfer of Ethynylferrocene Functionalized 

Titanium Dioxide Nanoparticles”, Electrochim. Acta, 2016, 211, 704-710) © 2016 

Elsevier Ltd. 
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4.1 Abstract 

Photoinduced charge transfer across the metal oxide-organic ligand interface plays 

a key role in the diverse applications of metal oxide nanomaterials/nanostructures, 

such as photovoltaics, photocatalysis, and optoelectronics. Thus far, most studies are 

focused on molecular engineering of the organic chromophores, where the charge-

transfer properties have been found to dictate the photo absorption efficiency and 

eventual device performance. Yet, as the chromophores are mostly bound onto the 

metal oxide surfaces by hydroxyl or carboxyl anchors, the impacts of the bonding 

interactions at the metal oxide-ligand interface on interfacial charge transfer have 

remained largely unexplored. Herein, acetylene derivatives are demonstrated as 

effective surface capping ligands for metal oxide nanoparticles, as exemplified with 

TiO2, RuO2, and ZnO. Experimental studies and first-principles calculations suggest 

the formation of M-O-C≡C- core-ligand linkages that lead to effective interfacial 

charge delocalization, in contrast to hopping/tunneling by the conventional M-O-CO- 

interfacial bonds in the carboxyl-capped counterparts. This results in the formation of 

an interfacial state within the oxide bandgap and much enhanced sensitization of the 

nanoparticle photoluminescence emissions as well as photocatalytic activity, as 

manifested in the comparative studies with TiO2 nanoparticles functionalized with 
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ethynylpyrene and pyrenecarboxylic acid. Furthermore, when TiO2 nanoparticles 

were functionalized by ethynylferrocene (eFc), the photo-gated IVCT was observed 

due to the photo-enhanced electrical conductivity of the TiO2 cores that served as part 

of the chemical linkage bridging the ferrocenyl moieties. These results highlight the 

significance of the unique interfacial bonding chemistry by acetylene anchoring group 

in facilitating efficient charge transfer across the oxide-ligand interfacial linkage and 

hence the fundamental implication in their practical applications. 

4.2 Introduction 

In recent decades, metal oxide nanoparticles have been attracting extensive 

interest primarily because of their unique optical and electronic properties that can be 

exploited for diverse applications, such as catalysis, optoelectronics, bioimaging, and 

biodiagnosis.1-5 The materials properties can be readily manipulated by deliberate 

functionalization with select molecules/ions involving a variety of oxide-ligand 

interfacial linkages.6-11 It should be noted that in these earlier studies, the metal oxide 

nanoparticle-anchor interactions entail mostly non-conjugated linkages, which limit the 

electronic coupling between the nanoparticle core and functional moieties of the 

capping ligands, resulting in inefficient interfacial charge transfer by 

hopping/tunneling.12 For instance, carboxylic acids represent the most widely used 
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surface capping ligands for metal oxide nanoparticles,13-20 and several structural models 

have been proposed to account for the interfacial bonding interactions between COOH 

and metal oxide surface, with the exact structural configuration under active debates.21 

Phenolic hydroxide derivatives have also been used for metal oxide surface 

functionalization through ether-like M-O-R interfacial bonds.22-29 However, due to their 

non-conjugated nature of the chemical bond, interfacial charge transfer remains limited. 

More recently, pyridine and tetrazole moieties have been used as anchors onto metal 

oxide nanoparticle surfaces by strong coordination between the N lone pair electrons 

and Lewis acid sites of the metal oxides; yet the electrons are found to be mostly 

localized on the heterocycle anchor, rather than delocalized to the metal oxides, leading 

to inefficient interfacial charge transfer.30-31  

An immediate question arises. Can the interfacial electron transfer be enhanced 

by the formation of conjugated covalent linkages? Note that for metal nanoparticles, 

extensive research has indeed demonstrated that effective intraparticle charge transfer 

occurs between the particle-bound functional moieties via conjugated metal-ligand 

interfacial bonds.32-36 For instance, acetylene derivatives can self-assemble onto 

transition-metal nanoparticle surfaces, forming metal-vinylidene (M=C=CH-) p 

bonds,37 where the electronic coupling (Hab) between the electron donor and acceptor 

states has been found to significantly increase, as compared to that with saturated 



 

 126 

interfacial linkages.38 In a more recent study,39 photo-gated intraparticle charge 

delocalization was observed with acetylene-functionalized TiO2 nanoparticles, 

suggesting that the oxide-acetylene interfacial bonds behaved analogously to metal-

vinylidene conjugated linkages. Yet, thus far, the exact chemical nature of the metal 

oxide-acetylene bonds has remained largely elusive; and more significantly, it remains 

unclear whether this is a generic phenomenon among a wide range of transition metal 

oxides. The issues are further compounded by two possible anchoring sites of the metal 

oxides (i.e., the metal and oxygen sites). Resolving the nature of these bonds and their 

effect on interfacial charge transfer are the primary motivation of the present study. 

Herein, stable TiO2 nanoparticles were prepared by the functionalization of 

acetylene derivatives, and used as the initial illustrating example to unravel the 

chemical structure of the interfacial bonding interactions and the impacts on the 

nanoparticle optical and electronic properties. Results from FTIR and 1H NMR 

measurements, in conjunction with density functional theory (DFT) calculations, 

suggested the formation of Ti-O-C≡C- interfacial bonds. Steady-state 

photoluminescence (SSPL) measurements exhibited an additional emission band 

beyond the band edge emission, suggesting the formation of an interfacial state (IS) 

between the TiO2 conduction band (CB) and valence band (VB). This was confirmed 

in DFT calculations where the formation of IS was due to charge transfer from the 



 

 127 

acetylene moiety (CºC) of the alkyne ligands to TiO2 based on Bader charge analysis 

and charge density redistribution. By contrast, no such IS was formed with the 

conventional anchors of carboxylic ligands where interfacial charge transfer was 

blocked. To further illustrate the efficient charge transfer via the Ti-O-C≡C- interfacial 

bonds, ethynylpyrene was employed to functionalize TiO2 nanoparticles (TiO2-EPy). 

Results showed that the IS emission was readily sensitized by the pyrene groups, as 

manifested in both steady-state and time-resolved photoluminescence measurements, 

in sharp contrast with the pyrenecarboxylic acid-functionalized (TiO2-PyCA) 

counterpart, leading to much better photocatalytic performance towards methylene blue 

degradation with TiO2-EPy than with TiO2-PyCA. Similar conjugated interfacial 

bonding interactions, and hence interfacial charge transfer, were observed with other 

transition metal oxides, such as RuO2 and ZnO. Taken together, these results suggest 

that the unique oxide-acetylene interfacial bonding interaction can be exploited as a 

new, powerful variable in the manipulation of the optical and electronic properties of 

metal oxide nanoparticle, a critical step towards their diverse practical applications 

4.3 Experimental Section 

Chemicals. n-Octyne (HC8, 98%, Alfa Aesar), ethynylpyrene (EPy, 96%, Alfa 

Aesar), oleic acid (OA, Spectrum), ethynylferrocene (EFc, 97%, ACROS), 
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pyrenecarboxylic acid (PyCA, 97%, TCI America), quinine sulfate (Sigma-Aldrich), 

tert-butylamine (99%, ACROS), titanium(IV) n-propoxide (99%, ACROS), and 

methylene blue (MB, 95%, Acros) were used as received without any further 

purification. Solvents were purchased at the highest purity available from typical 

commercial sources and also used as received. Water was deionized with a Barnstead 

Nanopure Water System (18.3 MΩ•cm).  

Synthesis of alkyne-functionalized TiO2 nanoparticles. Alkyne functionalized 

TiO2 nanoparticles were synthesized in a biphase hydrothermal approach.39 Briefly, a 

solution of tert-butylamine (50 µL of in 5 mL of water) was  prepared in a 20 mL 

Teflon-lined stainless-steel autoclave, into which was then slowly added a mixture of 

octyne (0.5 mL), titanium(IV) n-propoxide (75 mg) and toluene (5.0 mL), forming a 

two-phase system. The autoclave was sealed and heated at 180 °C for 12 h. After being 

cooled down to ambient temperature, the toluene phase was separated, and solvents 

were removed by rotatory evaporation. The obtained solids were washed with methanol 

for 6 times, affording a final product that was referred to TiO2-HC8, which were readily 

soluble in nonpolar media, such as CH2Cl2, CHCl3, toluene, THF, etc. 

EPy/EFc functionalized TiO2 nanoparticles were prepared in the same fashion, 

except that 12 mg of EPy/EFc was added into toluene layer along with octyne, such 
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that the resulting TiO2 nanoparticles were capped by a mixed monolayer of octyne and 

EPy/EFc (and denoted as TiO2-EPy and TiO2-EFc).  

Two control samples were also prepared by adopting the same procedure. In the 

first one, 0.5 mL of oleic acid was used in place of octyne to synthesize oleic acid-

protected TiO2 (TiO2-OA) nanoparticles. The other entailed the addition of 0.5 mL of 

oleic acid and 12 mg of PyCA or FcCA to synthesize PyCA/FcCA and oleic acid co-

protected TiO2 (TiO2-PyCA, TiO2-FcCA) nanoparticles.  

Characterizations. TEM images were acquired with a Philips CM300 electron 

microscope operated at 300 kV. FTIR measurements were conducted with a 

PerkinElmer FTIR spectrometer (spectral resolution 4 cm-1), where the samples were 

prepared by casting the nanoparticle solutions onto a ZnSe disk. 1H NMR 

measurements were carried out by using concentrated nanoparticle solutions in CD2Cl2 

with a Varian Unity 500 MHz NMR spectrometer. UV-vis and SSPL spectra were 

acquired with a PerkinElmer Lambda 35 UV-vis absorption spectrometer and PTI 

fluorospectrometer, respectively. TRPL decay spectra were collected on a Horiba QM-

3304 instrument at the pulsed laser excitation of 337 nm in the time-correlated single-

photon counting (TCSPC) mode. 

Photocatalysis. In the photocatalytic degradation of MB by TiO2-EPy and TiO2-

PyCA, 20 mg of the catalysts prepared above was added into 50 mL of an aqueous 
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solution (10 mg/mL) of MB, corresponding to a catalyst loading of 0.4 mg/mL. The 

solution was under magnetic stirring in the dark for 30 min to reach an adsorption 

equilibrium, prior to photoirradiation with a UV lamp (365 nm, 16 W/cm2). An aliquot 

of the solution was taken out in the time interval of 2.5 min and a UV-vis spectrum was 

recorded until there was no change of the UV profile. 

Electrochemistry. Voltammetric measurements were carried out with a CHI 440 

electrochemical workstation either in the dark, or under photoirradiation with a UV 

lamp (254 or 365 nm). A polycrystalline gold disk electrode (sealed in glass tubing) 

was used as the working electrode, which was polished with alumina slurries of 0.05 

µm and then cleaned by sonication in H2SO4, and Nanopure water prior to data 

collection. A Ag/AgCl wire and a Pt coil were used as the (quasi)reference and counter 

electrodes, respectively. Prior to data collection, the electrolyte solution was deaerated 

by bubbling ultrahigh purity N2 for at least 20 min and blanketed with a nitrogen 

atmosphere during the entire experimental procedure. 

Computational Methods. DFT calculations were performed with the open source 

planewave code, Quantum ESPRESSO.40 1 × 3 supercells were built for TiO2 (101) of 

five layers in thickness. The vacuum thickness was set at 12 Å to avoid interactions 

between periodic images. The slab models included ligands with inversion symmetry 

to avoid net dipoles in the cell. The ultrasoft pseudopotential41 was adopted with a 
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kinetic cutoff energy of 40 Ry and charge density cutoff of 240 Ry for the Perdew-

Burke-Eernzerhof (PBE) calculations. The optimized norm-conserving 

Vanderbilt (ONCV) pseudopotential42 was adopted with a kinetic cutoff energy of 90 

Ry and charge density cutoff of 360 Ry for the Heyd-Scuseria-Ernzerhof (HSE06) 

hybrid functional calculations.43 The proportion of Hartree-Fock (HF) exchange is set 

to 22%. The 4 × 2 × 1 and 2 × 2 × 1 Monkhorst-Pack K-point is used for PBE and 

hybrid functional calculations, respectively. The Marzari-Vanderbilt smearing44 was 

adopted at the smearing of 0.001 Ry for all calculations except for pristine TiO2. The 

electronic energy was converged to 10-8 Ry and force was converged to 10-4 a.u. Energy 

resolved charge density distribution was analyzed by open source code JDFTx.45 
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4.4 Results and Discussion 

 

Figure 4.1. (a) Schematic illustration of four organically functionalized TiO2 
nanoparticles: TiO2-HC8, TiO2-OA, TiO2-EPy, TiO2-PyCA, TiO2-EFc and 
TiO2-FcCA. (b-c) Representative TEM images of TiO2-HC8 nanoparticles 
and (d) the corresponding core size histogram. 

TiO2 nanoparticles were used as the initial illustrating examples. Six samples were 

prepared by a two-phase hydrothermal method using titanium(IV) n-propoxide as the 

starting precursor along with select organic capping ligands: three functionalized with 

acetylene derivatives such as n-octyne (TiO2-HC8), ethynylferrocene (TiO2-eFc) and a 

mixture of n-octyne and ethynylpyrene (TiO2-EPy) and the other three capped with 

carboxylic derivatives such as oleic acid (TiO2-OA), ferrocenyl carboxylic acid (TiO2-

FcCA) and a mixture of n-octyne and pyrene carboxylic acid (TiO2-PyCA), as 



 

 133 

schematically illustrated in Figure 4.1a. The representative structure of the TiO2 

nanoparticles was first examined by TEM measurements. From the TEM image in 

Figure 4.1b, individual TiO2-HC8 nanoparticles can be readily resolved. In high-

resolution TEM measurements (Figure 4.1c), one can see that the nanoparticles display 

clearly defined lattice fringes, and the interplanar spacing of 0.35 nm is in good 

agreement with that of anatase TiO2 (101) (JCPDS75-1537).46 Furthermore, the 

nanoparticle core diameter mostly fell within the narrow range of 3.5−4.5 nm, with 4.0 

± 0.4 nm on average, as manifested in the core size histogram in Figure 4.1d. 

 

Figure 4.2. (a) FTIR spectra of octyne, EPy, TiO2-HC8, and TiO2- EPy. (b) 
1H NMR spectra of TiO2-HC8 and TiO2-EPy nanoparticles in CD2Cl2. (c) 
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Configuration of the TiO2-alkyne interface, with the atoms in blue for Ti, red 
for O, brown for C, and white for H. Inset is the overall configuration of a 
five-layer TiO2 model with symmetric ligands on the surface.  

FTIR and 1H NMR measurements were then carried out to characterize the organic 

capping layers. Figure 4.2a depicts the FTIR spectra of TiO2-HC8, TiO2-EFc and TiO2-

EPy nanoparticles, along with those of octyne, EFc and EPy free monomers. Both TiO2-

HC8 and TiO2-EPy nanoparticle samples can be seen to exhibit well-defined vibrational 

bands at 2958, 2924, 2872 and 2850 cm-1, characteristic of the C-H stretches of CH2 

and CH3 and consistent with those of monomeric octyne, suggesting that the TiO2 

nanoparticle were indeed successfully capped with octyne ligands. The TiO2–EPy 

sample also exhibited a band at 3040 cm-1, due to the H-C= vibration of the pyrene 

rings,47 confirming the incorporation of EPy ligands on the TiO2 nanoparticle surface. 

Similarly, the ferrocene ring =C-H stretch can be identified at 3090 for TiO2-eFc, 

virtually invariant as compared to those observed with monomeric EFc. Additionally, 

one can see that octyne, EFc and EPy monomers exhibited a prominent vibrational band 

at 3313, 3292 and 3297 cm-1, respectively, arising from the terminal ≡C-H stretch.48-49 

This vibration vanished altogether for TiO2 nanoparticles, due to breaking of the ≡C-H 

bond when the acetylene derivatives were bound onto the TiO2 surface. This also 

indicates that the nanoparticle samples were pure, and excess ligands were removed. 

Consistent results were obtained in 1H NMR measurements. Figure 4.2b shows the 1H 
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NMR spectra of the TiO2-HC8 and TiO2-EPy nanoparticles in CD2Cl2, where the broad 

peak at 0.89 ppm is due to terminal CH3 protons of the octyne ligands, whereas the 

peaks at 1.28 and 1.54 ppm are due to the CH2 protons. For the TiO2-EPy sample, an 

additional broad peak can be identified at 7.35-8.65 ppm for the pyrene ring protons.47 

Furthermore, the mole ratio between the octyne and EPy ligands on the TiO2 surface 

was estimated to be 1:0.66, on the basis of the integrated peak areas. The 1H NMR 

spectrum of the TiO2-eFc nanoparticles were collected in CDCl3, where a broad peak 

centered around 4.22 ppm can be found and assigned to the ferrocenyl protons of 

eFc.13,28 Also, the fact that only broad peaks were observed and the terminal ≡C-H 

protons cannot be seen in the nanoparticle samples (3.43 ppm for EPy and 2.87 ppm 

for octyne, and 2.71 ppm for EFc)47, 50 further confirms the absence of free ligands in 

the nanoparticle samples, in good agreement with results from FTIR measurements in 

Figure 4.2a.  

To understand the interfacial structure of acetylene-capped TiO2, we carried out 

DFT calculations with a fully relaxed five-layer symmetric TiO2 slab model. The TiO2 

slab is in anatase phase with the (101) lattice surface exposed, according to the 

experimental results in Figure 4.1c. To simplify the calculation, the simplest ligand -

C≡C-CH3 was used, and the optimized structure of the supercell and slab surface is 

shown in Figure 4.2c and its inset. In the stable configuration, the acetylene carbon 
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atom was found to bind to the oxygen atom, instead of the titanium atom, on the TiO2 

surface, forming a Ti-O-C≡C- interfacial linkage. Note that when we placed the ligand 

onto the titanium site as the initial configuration, it eventually migrated to the oxygen 

site after geometric relaxation, suggesting that a Ti-C≡C- interfacial bond is 

energetically unfavorable. Moreover, one can see that in Ti-O-C≡C-, the C-O bond 

length is 1.289 Å, which is shorter than a carbon−oxygen single bond (1.43 Å) but 

longer than a double bond (1.23 Å); concurrently, the C≡C bond length became 

somewhat elongated to 1.217 Å, as compared to that of a free monomer (1.20 Å), 

whereas the C-C bond shrank slightly to 1.452 Å from 1.47 Å for a Csp3-Csp single 

bond.51 Collectively, these results show that the formation of Ti-O-C≡C- interfacial 

linkage was likely facilitated by partial charge transfer of the p-electrons in C≡C to 

TiO2, leading to shortened and strengthened C-O and C-C bonds at the core-ligand 

interface. 

The apparent electronic coupling between the acetylene moiety and TiO2 

nanoparticles leads to new optical properties of the nanoparticle, as manifested in UV-

vis and photoluminescence measurements. Figure 4.3a depicts the UV-vis absorption 

spectrum of the TiO2-HC8 nanoparticles, and the bandgap was quantitatively evaluated 

to be about 3.51 eV from the Tauc plot (Figure 4.3a inset).52 Note that this was 

somewhat larger than that (3.2 eV) of bulk (anatase) TiO2, likely due to quantum 
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confinement effect, as the average size of the TiO2 nanoparticles was below the Bohr 

exciton radius (2.35 nm).53 Figure 4.3b shows the corresponding SSPL profiles. One 

can see that at the excitation (lex) of 254 nm, the emission (lem) peaked at 355 nm (red-

shaded). At increasing lex (e.g., 294 and 304 nm), an additional emission peak emerged 

at around 420 nm (2.95 eV, aqua-shaded), and the intensities of these two emission 

peaks reached the maxima at lex1=295 nm and lex2=355 nm, respectively. Interestingly, 

despite a very similar band gap energy (ca. 3.2 eV), TiO2-OA nanoparticles exhibited 

only a single emission peak at lem=375 nm within a similar range of lex. Therefore, for 

the TiO2-HC8 nanoparticles, the emission at lem1=355 nm was likely due to the band-

edge emission, where the energy (3.49 eV) is almost identical to the band-gap estimated 

by UV-vis measurements (3.51 eV); while the second emission at lem2 = 420 nm 

suggests the formation of an IS, due to electronic interactions between the acetylene 

moiety and TiO2, as schematically illustrated in Figure 4.3c.  
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Figure 4.3. (a) UV-vis spectra of TiO2-HC8. Inset is the corresponding Tauc 
plot, where α is the absorbance and hn is the photon energy. (b) SSPL spectra 
of TiO2-HC8 at various excitation wavelengths. The shadowed ones 
represent maximal emissions at select excitation wavelengths. (c) Schematic 
illustration of the band structure of TiO2-HC8 based on the SSPL results. (d) 
Total density of states (TDOS) plot of TiO2-C≡C-CH3 (black curve) and 
projected density of states (PDOS) plot of the 2p orbitals of C2 (red), C1 
(green), and O (blue) atom, and the 3d orbital of the Ti (pink) atom. The 
corresponding energy-resolved charge density distributions are included in 
panel (e) for zone I, panel (f) for zone II, panel (g) for zone III, and panel (h) 
for zone IV. The isovalue is 0.1 e/au3 for panels (e) and (h), and 0.005 e/au3 
for panels (f) and (g). 
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This is, in fact, confirmed by results from DFT calculations. Figure 4.3d depicts 

the plot of density of states (DOS) for a TiO2 slab. One can see that the band gap (2.2 

eV) was somewhat underestimated, as compared to that determined experimentally 

from Figure 4.3a (due to the well-known self-interaction errors at the standard PBE 

level; consistent results were obtained by employing a higher level of theory such as 

DFT with hybrid functionals HSE06).54-56 Yet, upon the adsorption of acetylene 

derivatives onto the TiO2 surface, new states are generated within the band gap (zones 

II and III), consistent with the experimental SSPL results, where a new emission band 

emerged at 420 nm (Figure 4.3b). Furthermore, from Figure 4.3d which depicted the 

projected density of states (PDOS) plots of the 2p orbitals of C2 (red), C1 (green), and 

O (blue) atoms and the 3d orbitals of Ti (pink) atom, one can see that the IS is mainly 

composed of the 2p orbitals of sp-hybridized carbon (C≡C) and O atoms, with minor 

contributions from the 3d orbitals of the adjacent Ti atom. Consistent results can be 

obtained from the plots of charge density distribution within different energy windows, 

zone I (Figure 4.3e), zone II (Figure 4.3f), zone III (Figure 4.3g), and zone IV (Figure 

4.3h). From Figure 4.3e-h, one can clearly see that the major contribution to the valence 

band (zone I) is from the O atom, whereas contributions to the conduction band (zone 

IV) are primarily from the Ti atom, which is also manifested by the pink curve (Ti-3d) 

in Figure 4.3d. Consistent with PDOS plots in Figure 4.3d, the IS can be seen from 



 

 140 

Figure 4.3f-g to be mainly due to the sp-hybridized carbon, with additional 

contributions from adjacent oxygen and titanium atoms.  

The emergence of IS arising from the formation of Ti-O-C≡C- interfacial linkage 

was further evidenced by comparing the DOS profiles of pristine and organically 

modified TiO2 slabs. From Figure 4.4, one can see that (i) the bandgap of the TiO2 slab 

remained almost unchanged regardless of surface modification, and (ii) the alkyne-

functionalized TiO2 slab exhibited apparent states within the bandgap (green curve), a 

behavior unseen in pristine TiO2 (black curve) or TiO2 slabs modified with carboxyl 

(red curve) or alkane (blue curve). Note that the results for carboxy-modified TiO2 are 

consistent with those of TiO2-OA, suggesting the formation of Ti-O-C(OH)- linkage in 

TiO2-OA,57 a leading structural model postulated in the literature,20, 58-59 while alkane-

functionalized TiO2 cannot be verified by experiments due to the lack of effective 

synthesis methods. Nevertheless, these results clearly indicate that IS formation within 

the TiO2 bandgap is due to the unique Ti-O-C≡C- interfacial bonding interactions. 
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Figure 4.4. Total density of states (TDOS) and interfacial configurations of 
a pristine TiO2 slab, and a slab functionalized with carboxy (-COOH), alkyne 
(-C≡C-), and alkane (-CH2-CH2-) ligands. 

Further insights into the interfacial bonding chemistry can be obtained from 

analysis of charge distributions within the nanoparticles. From Figure 4.5a, one can see 

that there is a large cyan area around the C≡C carbon atoms and adjacent oxygen atom, 

indicating a significant electron loss from this region; whereas several yellow areas can 

be identified all over the TiO2 slab, suggesting electron gain of the Ti and O atoms (of 

TiO2). This signifies strong spontaneous charge delocalization from the acetylene 

moiety to TiO2. By contrast, no obvious charge delocalization was observed with 
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carboxy-functionalized TiO2. From Figure 4.5b, it can be seen that almost all the yellow 

and blue areas are confined to the ligand, indicating that charge delocalization from the 

ligand to TiO2 was impeded. This result is in coincidence with the Bader charge analysis, 

where the Bader charge of TiO2-alkyne is ca. 1.2 electron per ligand from alkyne to 

TiO2, while charge transfer is negligible with only ca. 0.01 electron per ligand from 

TiO2 to carboxy for the TiO2-carboxy counterpart. This reflects virtually barrierless 

charge transfer across the TiO2-alkyne interface, whereas at the TiO2-carboxy interface, 

an appreciable driving force is needed to facilitate interfacial charge transfer that is 

mostly hopping/tunneling in nature. Note that the level of theory and the slab models 

used in the above calculations were validated by comparing results using slab models 

of various layers of TiO2 with HSE06 exchange correlation functional which showed 

very good agreement with band gap of TiO2 estimated experimentally. In addition, 

constrained DFT calculations60 of TiO2-alkyne and TiO2-carboxy clusters (Figure 4.6) 

show that the electronic coupling (Hab) between TiO2 and the end ligand of the former 

is ca. 5 times that of the latter. As it is likely that the shape and relative position of the 

potential energy surfaces of TiO2 and the end ligand (such as EPy) are not changed by 

the relatively small bridging anchor group (i.e., the reorganization energy and driving 

force in the Marcus’ theory remain unchanged by the bridging anchor group), the 

increased Hab indicates a lower charge-transfer barrier and a higher transfer rate 
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(detailed discussion can be found in the SI below Figure 4.6). Note that we added an 

excess electron to the system for the calculation of Hab between TiO2 and the end ligand, 

which is related to excited electron transfer between them. Collectively, these results 

show that the formation of Ti-O-C≡C- bonding linkage significantly facilitated 

interfacial charge transfer. 

 

Figure 4.5. Charge transfer between ligand and TiO2 slab: (a) TiO2-alkyne 
(b) TiO2-carboxy. The cyan area indicates electron loss and yellow area 
indicates electron gain. The isosurface value is 0.003 e/au3. 
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Figure 4.6. Optimized geometrical structures by CDFT calculation of (a) 
Ti(OH)3-O-C≡C-CH=CH2, and (b) Ti(OH)3-OOC-CH=CH2. The extra 
electron is placed and localized on -CH=CH2 and -Ti(OH)3, respectively, for 
the calculations of electronic coupling (Hab) between the two sites. Within 
CDFT, an external potential is added to the self-consistent potential entering 
the Kohn-Sham equations, and its strength is varied self-consistently in order 
to localize a desired integer number of charges N0 on a specified site. Inset 
shows the potential energy surface of charge transfer from TiO2 to ligand (e.g., 
EPy) through an anchor group (i.e., -COO- or -C≡C-). Hab is the electronic 
coupling between TiO2 and ligand EPy, which is larger with -C≡C- than with 
-COO- and results in a lower barrier WH for excited electron or hole transfer 
from TiO2 to EPy.  

This is actually a general phenomenon for a wide range of transition-metal oxides, 

as manifested in further studies with RuO2 and ZnO. These two oxides were chosen 

because of the unique electronic structures of the metal centers, zinc(II) with a full d-

electron subshell and ruthenium(IV) with a half-full d-electron subshell, in comparison 

with Ti(IV) in TiO2 that has an empty d-electron subshell. From DFT calculations, it 

can be seen that (i) both oxide nanoparticles also showed a stable structure with the 

alkyne ligands bonded to the oxygen atoms, instead of the metal atoms (ZnO-alkyne in 

Figure 4.7a, and RuO2-alkyne in Figure 4.7b), consistent with results for TiO2-alkyne 

(Figure 4.5a); and (ii) there is an apparent charge transfer of 1.10 and 1.43 electrons 

from the alkyne ligand to ZnO and RuO2 (cyan area), respectively, also comparable to 

that (1.2 electrons) for TiO2-alkyne. By contrast, charge transfer from carboxylic 

ligands to ZnO and RuO2 was negligible at only 0.06, and 0.64 electron (Figure 4.7c-
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d), respectively, very similar to that (0.01 electron) for TiO2-carboxy (Figure 4.5b). 

Taken together, these results show that (i) acetylene derivatives can indeed serve as 

effective capping ligands for the surface functionalization of a wide range of metal 

oxide nanoparticles, and (ii) the formation of conjugated M-O-C≡C- interfacial 

linkages facilitates apparent charge transfer between the acetylene moiety and metal 

oxide, in contrast to conventional capping ligands (e.g., carboxylic derivatives) where 

charge transfer across the core−ligand interface is negligible. This may have significant 

implication in practical applications of these oxide nanomaterials, as demonstrated 

below. 
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Figure 4.7. Charge transfer between ligands and metal oxide slabs: (a) ZnO-
alkyne, (b) RuO2-alkyne, (c) ZnO-carboxy, and (d) RuO2-carboxy. The cyan 
area indicates electron loss, and yellow area indicates electron gain. The 
isosurface value is 0.003 e/au3.  

4.5 The application in photo-gated intervalence charge transfer. 

 

Figure 4.8. (a) UV/Vis spectrum of TiO2-eFc nanoparticles in CHCl3; α is 
the absorbance and hv is the photon energy. Dash lines are the linear 
extrapolation to the x axis. Inset is the proposed surface structure of the TiO2-
eFc nanoparticle. (b) The excitation (dash) and emission (solid) spectra of 
TiO2-eFc nanoparticle in CHCl3 recorded at different excitation wavelength 
and emission wavelength. 

UV-vis and photoluminescence measurements were then performed to study the 

optical properties of the TiO2-eFc nanoparticles. As shown in Figure 4.8 inset, the band 

gap of TiO2-EFc derived from UV-vis spectrum is about 3.3 eV, very close to TiO2-

HC8. Consistent results were obtained in photoluminescence measurements (Figure 
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4.8). One can see that the TiO2-eFc nanoparticles exhibited two well-defined emission 

peaks at 351 nm (3.53 eV) and 459 nm (2.70 eV) when excited at 288 nm (4.3 eV); and 

at a lower excitation energy (362 nm, 3.43 eV), only the 459 nm emission was observed 

but with much stronger intensity. This somehow similar to that of TiO2-HC8, where 

the emission at 351 nm was likely due to CB-VB recombination, whereas the 459 nm 

emission is actually ascribed to that of CB-IS recombination.  

Voltammertric measurements were then carried out to further examine the charge–

transfer properties of the ethynylferrocene-functionalized TiO2 nanoparticles. Figure 

4.9 depicts the square-wave voltammograms (SWVs) of the TiO2-EFc nanoparticles 

under different measurement conditions at a concentration of 2 mg/mL in CHCl3 with 

0.1 M TBAP as the supporting electrolyte. When the voltammograms were acquired in 

the dark (Figure 4.9a), a single pair of voltammetric peaks can be clearly seen standing 

out of the featureless background, with the formal potential E°’ = +122 mV (vs. Fc+/Fc), 

which is attributable to the redox reaction of the ferrocene moieties bound on the TiO2 

nanoparticle, and the small peak splitting (ΔEp = 32 mV) is consistent with the facile 

electron transfer kinetics of the ferrocene moiety. One may notice despite the formation 

of the -C≡C-Fc bonds at the nanoparticle-ligand interface, no apparent intervalence 

charge transfer was observed, which might be ascribed to the low electrical 

conductivity of the TiO2 core that limited the intraparticle charge transfer because of 
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the substantial bandgap (Figure 4.8). This is analogous to our previous reports of carbon 

or silicon nanoparticles cores,61-62 while in contrast with previous results obtained with 

metal nanoparticle cores.34-35, 63 That is, TiO2-EFc nanoparticles behaved as a Class I 

compound according to Robin and Day’s classifications. Interestingly, as exhibited in 

Figure 4.9b, when exposed to 254 nm UV irradiation, the results are markedly different 

from the performance in the dark, where two pairs of voltammetric peaks can be found 

and resolved by deconvolution at E°’ = -10 mV and +164 mV with a small peak 

splitting (ΔEp = 0 and 12 mV). The peak potential spacing of ΔE°’ = +174 mV 

suggested that the TiO2-EFc nanoparticles were analogous to a Class II compound. 

Similarly, when measured under 365 nm UV irradiation, two pairs of voltammetric 

peaks can be obtained and resolved by deconvolution at E°’ = -28 mV and +170 mV 

with small peak splitting (ΔEp = 4 mV and 16 mV) while the peak potential spacing of 

ΔE°’ increased to 198 mV (Figure 4.9c). Obviously, very different from the 

performance in the dark, the UV irradiation (both 254 nm and 365 nm) can induce 

strong IVCT as two pairs of voltammetric peaks now appeared because of enhanced 

electrical conductivity of the TiO2 cores under UV photoirradiation and the -C≡C-Fc 

conjugated interfacial bonds, which made electronic communication among the 

ferrocenyl moieties possible. The high peak potential spacings of 174 mV and 198 mV 

under 254 and 365 nm UV photoirradiations, respectively, are comparable to the 
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previous results where the ferrocene moieties were bound onto the ruthenium 

nanoparticles by ruthenium-carbene π bonds (ca. 200 mV, Ru=CH-Fc),34 but relatively 

smaller than ethynylferrocene functionalized ruthenium nanoparticle (265 mV, Ru-

C≡C-Fc).64 Interestingly, strong electronic coupling have been observed in a series of 

organometallic complexes where two terminal ferrocene moieties were connected by a 

bis-ethynyl/butadiynyl diruthenium bridge such as Fc-(C≡C)n-Ru2-(C≡C)m-Fc where n 

and m can be 1 or 2.65 Note in our previous study, ethynylferrocene was used to 

functionalize silicon nanoparticle forming a Si-CH=CH-Fc structure, and a relatively 

weak photo-induced intervalence charge transfer was observed with a peak potential 

spacing of 125 mV.61 The stronger IVCT of the TiO2-C≡C-Fc compared to Si-CH=CH-

Fc may be attributed to the better conjugation of -C≡C- bonding than -CH=CH- 

bonding leading a stronger electron delocalization. In contrast, when 

ferrocenecarboxylic acid was used as the surface capping ligand, no conjugated core-

ligand interfacial bonds were formed, such that only one pair of voltammetric peaks 

were observed either in the dark or under UV photoirradiations. This further confirmed 

the importance of the conjugate bridges for the IVCT. Another interesting phenomenon 

one may note is that the peak potential spacing of IVCT under 365 nm UV irradiation 

is 20 mV stronger than under 254 nm UV irradiation. This might be account for by the 

more enhancement of electronic conductivity of the proposed TiO2-eFc nanoparticles 
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induced by 365 nm UV photoirradiation than by 254 nm UV photoirradiation. This is 

also consistent with the photoluminescence study that it has stronger emission when 

excited at 362 nm than excited at 288 nm which indicates there are more photo-electron 

communications (Figure 4.8). Based on the voltammetric measurements, it is clear that 

IVCT of the TiO2-eFc nanoparticles are switchable among three modes, non-IVCT (in 

dark), weaker IVCT (manipulating the electron communication between CB and VB) 

and stronger IVCT (manipulating the electron communication between CB and IS). 
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Figure 4.9. SWVs of the as-prepared TiO2-eFc nanoparticle (2 mg/mL) at a 
gold electrode in 0.1 M TBAP in CHCl3 recorded at different condition. (a) 
In dark. (b) Under 254 nm UV photoirradiation. (c) Under 365 nm UV 
photoirradiation. Increment of potential 2 mV, amplitude 25 mV, frequency 
15 Hz. 

4.6 The application in photo-sensitization. 
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One can envisage that if a suitable electron donor is bound onto a metal oxide 

nanoparticle via the M-O-C≡C- linkage, effective charge transfer occurs from the 

electron-donating moiety to the metal oxide, which leads to the emergence of new 

optical and electronic properties. By contrast, such interfacial charge transfer will be 

impeded with a carboxy anchor. Herein, pyrene is used as a molecular probe to 

highlight the significance of such interfacial bonding contacts in the manipulation of 

nanoparticle interfacial charge transfer and optical and electronic properties. Two 

samples, TiO2-EPy and TiO2-PyCA were prepared and compared (Figure 4.1a). Figure 

4.10a depicts the UV-vis absorption spectra of EPy and TiO2-EPy. The EPy monomers 

can be seen to exhibit four prominent peaks at 314, 328, 343 and 360 nm, due to the So 

→ Sn transitions of the pyrene p electrons;66 consistent absorption features can also be 

observed with TiO2-EPy, though with a slight red-shift of 4 to 7 nm, likely due to 

enhanced interactions between the pyrene moieties, as they were in close proximity on 

the nanoparticle surface, akin to the situation of pyrene-containing polymers.67 

Furthermore, in comparison to TiO2-HC8, one can see that TiO2-EPy showed a 

diminishment of the effective bandgap to 2.94 eV (Figure 4.10a inset), suggestive 

enhancement of visible absorption, in comparison to pristine TiO2. This is likely 

because electronic transition involving the IS became dominant thanks to the formation 

of Ti-O-C≡C- interfacial bonds.  
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Figure 4.10. (a) UV-vis spectra of monomeric EPy, TiO2-HC8, and TiO2-
EPy. Inset shows the corresponding Tauc plots. (b) Normalized steady-state 
excitation and emission spectra of monomeric EPy, TiO2-HC8, and TiO2-
EPy. (c) Schematic illustration of the charge transfer process at the Ti-O-
C≡C-Py interface. (d) TRPL decay profiles of monomeric EPy, TiO2-HC8 
and TiO2-EPy. The grey curve is the background of the instrument response 
function (IRF). Symbols are experimental data and solid curves are 
exponential fits. The fitting results are summarized in the inset table. (e) UV-
vis spectra of a MB solution before and after UV photoirradiation for 15 min 
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using TiO2-EPy or TiO2-PyCA as catalysts. The inset shows the photographs 
of the solution at different times (in min). (f) Variation of MB peak 
absorbance with photoirradiation time. Symbols are experimental data and 
lines are linear regressions. 

This distinction is also manifested in SSPL measurements. Form Figure 4.10b, it 

can be seen that monomeric EPy exhibited three characteristic emissions at 382, 402, 

and 425 nm,66 and rapidly decayed in intensity with an increase of the excitation 

wavelength. By contrast, TiO2-EPy displayed only a single, broad emission centered at 

lem = 420 nm, independent of the excitation wavelength. Note that this emission peak 

position is the same as lem2 of TiO2-HC8 (Figure 4.3b), suggesting that it arose from 

the radiative recombination of CB electrons and IS holes of TiO2 (Figure 4.3c). In 

addition, the photoluminescence quantum yield (f) of TiO2-EPy was estimated to be 

36.6%, using quinine sulfate in 0.1 M H2SO4 as the standard (f = 54%),68 which is 

markedly higher than that of TiO2-HC8 (6.9%). This can be accounted for by charge 

donation from the pyrene group to TiO2 CB and the subsequent radiative decay to the 

IS holes, leading to marked sensitization of the TiO2 IS emission, consistent with results 

from UV-vis (Figure 4.10a) and DFT calculations (Figure 4.10d). Based on the above 

data, the electronic structure of TiO2-EPy is schematically illustrated in Figure 4.10c. 

For comparison, TiO2-PyCA nanoparticles, where the pyrene moiety was anchored 

onto the TiO2 surface though the -COOH moiety (Figure 4.1a), no apparent variation 
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was observed of the SSPL profile, as compared with that of monomeric PyCA, because 

of the lack of electronic coupling between the ligand and oxide core. In a further control 

experiment with a physical mixture of TiO2-HC8 nanoparticles and monomeric EPy, 

we observed that the corresponding SSPL profile was identical to that of EPy 

monomers, negating the possibility of Förster resonance energy transfer in the TiO2-

EPy system. 

The electron transfer dynamics from pyrene to the TiO2-alkyne interface (Ti-O-

C≡C-) were also investigated by TRPL measurements. Figure 4.10 shows the 

normalized decay profiles after pulsed laser excitation at 337 nm for the series of 

samples (the grey curve is the background of the instrument response function, IRF). 

Note that at this excitation, the emission of TiO2-HC8 and TiO2-EPy is dominated by 

lem2 (Figure 4.3b). The data may be fitted by either single- or double-exponential decay 

kinetics,69 𝐼(𝑡) = 	𝐴=𝑒
G H
IJ + 𝐴K𝑒

G H
I9,  where A1 + A2 = 1, and the fitting parameters 

were listed in the inset to Figure 4.10d. For monomeric EPy, the data were fitted by a 

monoexponential function, and the decay time constant (t) was estimated to be ca. 

16.52 ns, consistent with results observed earlier with pyrene derivative,66 due to the 

recombination of Sn excited electrons to S0 holes of pyrene. TiO2-HC8 nanoparticles 

also showed a single decay lifetime, which was markedly shorter at 1.18 ns for the 

recombination of excited electrons at CB to IS holes. The fact that both EPy and TiO2-
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HC8 showed only a single photoluminescence pathway is in good agreement with 

results from the SSPL measurements (Figure 4.10b). For TiO2-EPy nanoparticles where 

the TiO2 cores were co-functionalized with octyne and EPy ligands, the data were fitted 

by a double-exponential equation, and two lifetimes were identified at t1 = 1.66 ns and 

t2 = 9.76 ns. The long component is consistent with the slow decay of pyrene, while 

the short lifetime was close to that of TiO2-HC8 and might be attributed to the fast 

decay of IS. Moreover, the contributions of the fast and slow decay components were 

estimated to be 98.4% and 1.6%, respectively, suggesting that the dominant pathway 

for electron transfer entailed excited electrons on TiO2 CB to IS. Again, this is in 

agreement with the SSPL results, where the quenching of pyrene emission and the 

enhancement of IS emission was accounted for by the efficient electron transfer from 

pyrene to TiO2 CB. Additionally, the average lifetime ⟨𝜏⟩ can be calculated by ⟨𝜏⟩ =

PJQJ9RP9Q99

PJQJRP9Q9
, and was found to be 2.37 ns for TiO2-EPy, which is somewhat higher than 

that of TiO2-HC8. Furthermore, the electron transfer rate constant (ket), which can be 

estimated by 𝑘TU =
=

⟨Q⟩VWX9-YZ[
− =

⟨Q⟩YZ[
 , was 3.61 × 108 s-1, indicating fast charge-

transfer kinetics from pyrene to TiO2 CB. For comparison, TiO2-PyCA, where the 

pyrene moiety was anchored onto the TiO2 surface by a carboxyl linker instead (Figure 

4.1a), the lifetime remained almost invariant, as compared to that of monomeric PyCA 

(t = 6.13 ns), because of impeded charge transfer at the core-ligand interface. 
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Such unique interfacial bonding interactions markedly impact the nanoparticle 

photocatalytic activity, as manifested in the photocatalytic degradation of MB by TiO2-

EPy and TiO2-PyCA. Figure 4.10e depicts the UV-vis spectra of a MB solution (10 

mg/L) containing the same amount of catalysts (0.4 mg/L) before and after 15 min’s 

UV photoirradiation (365 nm, 16 W/cm2). It can be seen that MB was almost 

completely degraded in 15 min by TiO2-EPy, while only 55% by TiO2-PyCA (Figure 

4.10e inset), although the absorbance at 365 nm was slightly higher with TiO2-PyCA 

than with TiO2-EPy. In fact, from Figure 4.10f, one can see that the degradation rate 

constant for TiO2-EPy (0.208 min-1) is ~ 4 times that for TiO2-PyCA (0.054 min-1) and 

~ 15 times that for TiO2-HC8 (0.014 min-1). This indicated that the enhanced 

photocatalytic performance of TiO2-EPy is due to sensitization by pyrene groups 

though the acetylene linkage. 

4.7 Conclusion 

Results presented herein clearly demonstrate that acetylene derivatives can serve 

as effective capping ligands for metal oxide nanoparticles, and the resulting M-O-C≡C- 

interfacial linkages lead to markedly enhanced electronic coupling between the ligand 

p electrons and metal-oxide cores, whereas interfacial charge transfer is significantly 

impeded with conventional anchor groups such as the carboxy moiety. This suggests 
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that with a deliberate manipulation of the nanoparticle interfacial point of anchor, the 

optical and electronic properties of the metal-oxide nanoparticles can be controlled at 

an unprecedented level of sophistication, a variable that has remained largely 

unexplored thus far. This will have significant implication in their diverse practical 

applications, such as photocatalysis, photovoltaics, and photodynamic therapeutics. 

4.8 References 

1. Long, M. C.; Brame, J.; Qin, F.; Bao, J. M.; Li, Q. L.; Alvarez, P. J. J., Phosphate 

Changes Effect of Humic Acids on TiO2 Photocatalysis: From Inhibition to Mitigation 

of Electron-Hole Recombination. Environ Sci Technol 2017, 51 (1), 514-521. 

2. Youngblood, W. J.; Lee, S. H. A.; Kobayashi, Y.; Hernandez-Pagan, E. A.; Hoertz, 

P. G.; Moore, T. A.; Moore, A. L.; Gust, D.; Mallouk, T. E., Photoassisted Overall Water 

Splitting in a Visible Light-Absorbing Dye-Sensitized Photoelectrochemical Cell. J Am 

Chem Soc 2009, 131 (3), 926-927. 

3. Yella, A.; Lee, H. W.; Tsao, H. N.; Yi, C. Y.; Chandiran, A. K.; Nazeeruddin, M. 

K.; Diau, E. W. G.; Yeh, C. Y.; Zakeeruddin, S. M.; Gratzel, M., Porphyrin-Sensitized 

Solar Cells with Cobalt (II/III)-Based Redox Electrolyte Exceed 12 Percent Efficiency. 

Science 2011, 334 (6056), 629-634. 



 

 159 

4. Yang, J. B.; Ganesan, P.; Teuscher, J.; Moehl, T.; Kim, Y. J.; Yi, C. Y.; Comte, P.; 

Pei, K.; Holcombe, T. W.; Nazeeruddin, M. K.; Hua, J. L.; Zakeeruddin, S. M.; Tian, 

H.; Gratzel, M., Influence of the Donor Size in D-pi-A Organic Dyes for Dye-

Sensitized Solar Cells. J Am Chem Soc 2014, 136 (15), 5722-5730. 

5. Kairdolf, B. A.; Smith, A. M.; Stokes, T. H.; Wang, M. D.; Young, A. N.; Nie, S. 

M., Semiconductor Quantum Dots for Bioimaging and Biodiagnostic Applications. 

Annu Rev Anal Chem 2013, 6, 143-162. 

6. Ardo, S.; Meyer, G. J., Photodriven heterogeneous charge transfer with transition-

metal compounds anchored to TiO2 semiconductor surfaces. Chem Soc Rev 2009, 38 

(1), 115-164. 

7. Silvi, S.; Credi, A., Luminescent sensors based on quantum dot-molecule 

conjugates. Chem Soc Rev 2015, 44 (13), 4275-4289. 

8. Gao, X. H.; Cui, Y. Y.; Levenson, R. M.; Chung, L. W. K.; Nie, S. M., In vivo 

cancer targeting and imaging with semiconductor quantum dots. Nat Biotechnol 2004, 

22 (8), 969-976. 

9. Greenham, N. C.; Peng, X. G.; Alivisatos, A. P., Charge separation and transport 

in conjugated-polymer/semiconductor-nanocrystal composites studied by 

photoluminescence quenching and photoconductivity. Phys Rev B 1996, 54 (24), 

17628-17637. 



 

 160 

10. Heinz, H.; Pramanik, C.; Heinz, O.; Ding, Y. F.; Mishra, R. K.; Marchon, D.; Flatt, 

R. J.; Estrela-Lopis, I.; Llop, J.; Moya, S.; Ziolo, R. F., Nanoparticle decoration with 

surfactants: Molecular intercations, assmbly, and applications. Surf Sci Rep 2017, 72 

(1), 1-58. 

11. Duncan, W. R.; Prezhdo, O. V., Theoretical studies of photoinduced electron 

transfer in dye-sensitized TiO(2). Annu Rev Phys Chem 2007, 58, 143-184. 

12. Vura-Weis, J.; Abdelwahed, S. H.; Shukla, R.; Rathore, R.; Ratner, M. A.; 

Wasielewski, M. R., Crossover from Single-Step Tunneling to Multistep Hopping for 

Molecular Triplet Energy Transfer. Science 2010, 328, 1547-1500. 

13. Asghar, M. I.; Miettunen, K.; Halme, J.; Vahermaa, P.; Toivola, M.; Aitola, K.; 

Lund, P., Review of stability for advanced dye solar cells. Energy Environ Sci 2010, 3 

(4), 418-426. 

14. Hagfeldt, A.; Boschloo, G.; Sun, L. C.; Kloo, L.; Pettersson, H., Dye-Sensitized 

Solar Cells. Chem Rev 2010, 110 (11), 6595-6663. 

15. Sodeyama, K.; Sumita, M.; O'Rourke, C.; Terranova, U.; Islam, A.; Han, L.; 

Bowler, D. R.; Tateyama, Y., Protonated Carboxyl Anchor for Stable Adsorption of Ru 

N749 Dye (Black Dye) on a TiO2 Anatase (101) Surface. J Phys Chem Lett 2012, 3 (4), 

472-477. 



 

 161 

16. Ashford, D. L.; Song, W.; Concepcion, J. J.; Glasson, C. R.; Brennaman, M. K.; 

Norris, M. R.; Fang, Z.; Templeton, J. L.; Meyer, T. J., Photoinduced electron transfer 

in a chromophore-catalyst assembly anchored to TiO2. J Am Chem Soc 2012, 134 (46), 

19189-19198. 

17. Hu, K.; Robson, K. C. D.; Johansson, P. G.; Berlinguette, C. P.; Meyer, G. J., 

Intramolecular Hole Transfer at Sensitized TiO2 Interfaces. J Am Chem Soc 2012, 134 

(20), 8352-8355. 

18. Chen, H. Y.; Ardo, S., Direct observation of sequential oxidations of a titania-

bound molecular proxy catalyst generated through illumination of molecular sensitizers. 

Nat Chem 2018, 10 (1), 17-23. 

19. Ye, S.; Kathiravan, A.; Hayashi, H.; Tong, Y. J.; Infahsaeng, Y.; Chabera, P.; 

Pascher, T.; Yartsev, A. P.; Isoda, S.; Imahori, H.; Sundstrom, V., Role of Adsorption 

Structures of Zn-Porphyrin on TiO2 in Dye-Sensitized Solar Cells Studied by Sum 

Frequency Generation Vibrational Spectroscopy and Ultrafast Spectroscopy. J Phys 

Chem C 2013, 117 (12), 6066-6080. 

20. Long, R.; Casanova, D.; Fang, W. H.; Prezhdo, O. V., Donor−Acceptor Interaction 

Determines the Mechanism of Photoinduced Electron Injection from Graphene 

Quantum Dots into TiO2: π‐Stacking Supersedes Covalent Bonding. J Am Chem Soc 

2017, 139 (7), 2619-2629. 



 

 162 

21. Galoppini, E., Linkers for anchoring sensitizers to semiconductor nanoparticles. 

Coordin Chem Rev 2004, 248 (13-14), 1283-1297. 

22. Kamegawa, T.; Matsuura, S.; Seto, H.; Yamashita, H., A Visible-Light-Harvesting 

Assembly with a Sulfocalixarene Linker between Dyes and a Pt-TiO2 Photocatalyst. 

Angew Chem Int Ed 2013, 52 (3), 916-919. 

23. Amstad, E.; Gillich, T.; Bilecka, I.; Textor, M.; Reimhult, E., Ultrastable Iron 

Oxide Nanoparticle Colloidal Suspensions Using Dispersants with Catechol-Derived 

Anchor Groups. Nano Lett 2009, 9 (12), 4042-4048. 

24. Rajh, T.; Chen, L. X.; Lukas, K.; Liu, T.; Thurnauer, M. C.; Tiede, D. M., Surface 

restructuring of nanoparticles: An efficient route for ligand-metal oxide crosstalk. J 

Phys Chem B 2002, 106 (41), 10543-10552. 

25. Lana-Villarreal, T.; Rodes, A.; Perez, J. M.; Gomez, R., A spectroscopic and 

electrochemical approach to the study of the interactions and photoinduced electron 

transfer between catechol and anatase nanoparticles in aqueous solution. J Am Chem 

Soc 2005, 127 (36), 12601-12611. 

26. Notestein, J. M.; Iglesia, E.; Katz, A., Photoluminescence and charge-transfer 

complexes of calixarenes grafted on TiO2 nanoparticles. Chem Mater 2007, 19 (20), 

4998-5005. 



 

 163 

27. Park, Y.; Singh, N. J.; Kim, K. S.; Tachikawa, T.; Majima, T.; Choi, W., Fullerol-

Titania Charge-Transfer-Mediated Photocatalysis Working under Visible Light. Chem-

Eur J 2009, 15 (41), 10843-10850. 

28. Xu, C. J.; Xu, K. M.; Gu, H. W.; Zheng, R. K.; Liu, H.; Zhang, X. X.; Guo, Z. H.; 

Xu, B., Dopamine as a robust anchor to immobilize functional molecules on the iron 

oxide shell of magnetic nanoparticles. J Am Chem Soc 2004, 126 (32), 9938-9939. 

29. Marczak, R.; Werner, F.; Gnichwitz, J. F.; Hirsch, A.; Guldi, D. M.; Peukert, W., 

Communication via Electron and Energy Transfer between Zinc Oxide Nanoparticles 

and Organic Adsorbates. J Phys Chem C 2009, 113 (11), 4669-4678. 

30. Ooyama, Y.; Inoue, S.; Nagano, T.; Kushimoto, K.; Ohshita, J.; Imae, I.; 

Komaguchi, K.; Harima, Y., Dye-Sensitized Solar Cells Based On Donor-Acceptor pi-

Conjugated Fluorescent Dyes with a Pyridine Ring as an Electron-Withdrawing 

Anchoring Group. Angew Chem Int Ed 2011, 50 (32), 7429-7433. 

31. Massin, J.; Ducasse, L.; Toupance, T.; Olivier, C., Tetrazole as a New Anchoring 

Group for the Functionalization of TiO2 Nanoparticles: A Joint Experimental and 

Theoretical Study. J Phys Chem C 2014, 118 (20), 10677-10685. 

32. Ciampi, S.; Harper, J. B.; Gooding, J. J., Wet chemical routes to the assembly of 

organic monolayers on silicon surfaces via the formation of Si-C bonds: surface 

preparation, passivation and functionalization. Chem Soc Rev 2010, 39 (6), 2158-2183. 



 

 164 

33. Hu, P. G.; Chen, L. M.; Kang, X. W.; Chen, S. W., Surface Functionalization of 

Metal Nanoparticles by Conjugated Metal-Ligand Interfacial Bonds: Impacts on 

Intraparticle Charge Transfer. Acc Chem Res 2016, 49 (10), 2251-2260. 

34. Chen, W.; Chen, S.; Ding, F.; Wang, H.; Brown, L. E.; Konopelski, J. P., 

Nanoparticle-Mediated Intervalence Transfer. J Am Chem Soc 2008, 130 (36), 12156-

12162. 

35. Hu, P. G.; Chen, L. M.; Deming, C. P.; Kang, X. W.; Chen, S. W., Nanoparticle-

Mediated Intervalence Charge Transfer: Core-Size Effects. Angew Chem Int Ed 2016, 

55 (4), 1455-1459. 

36. Zhou, T. L.; Anderson, R. T.; Li, H. S.; Bell, J.; Yang, Y. A.; Gorman, B. P.; 

Pylypenko, S.; Lusk, M. T.; Sellinger, A., Bandgap Tuning of Silicon Quantum Dots by 

Surface Functionalization with Conjugated Organic Groups. Nano Lett 2015, 15 (6), 

3657-3663. 

37. Kang, X. W.; Zuckerman, N. B.; Konopelski, J. P.; Chen, S. W., Alkyne-

Functionalized Ruthenium Nanoparticles: Ruthenium-Vinylidene Bonds at the Metal-

Ligand Interface. Journal of the American Chemical Society 2012, 134 (3), 1412-1415. 

38. Ding, F. Z.; Wang, H. B.; Wu, Q.; Van Voorhis, T.; Chen, S. W.; Konopelski, J. P., 

Computational Study of Bridge-Assisted Intervalence Electron Transfer. J Phys Chem 

A 2010, 114 (19), 6039-6046. 



 

 165 

39. Peng, Y.; Lu, J. E.; Deming, C. P.; Chen, L. M.; Wang, N.; Hirata, E. Y.; Chen, S. 

W., Photo-Gated Intervalence Charge Transfer of Ethynylferrocene Functionalized 

Titanium Dioxide Nanoparticles. Electrochim Acta 2016, 211, 704-710. 

40. Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; 

Ceresoli, D.; Chiarotti, G. L.; Cococcioni, M.; Dabo, I., QUANTUM ESPRESSO: a 

modular and open-source software project for quantum simulations of materials. J Phys: 

Cond Matter 2009, 21 (39), 395502. 

41. Garrity, K. F.; Bennett, J. W.; Rabe, K. M.; Vanderbilt, D., Pseudopotentials for 

high-throughput DFT calculations. Comput Mater Sci 2014, 81, 446-452. 

42. Hamann, D., Optimized norm-conserving Vanderbilt pseudopotentials. Phys Rev 

B 2013, 88 (8), 085117. 

43. Heyd, J.; Scuseria, G. E.; Ernzerhof, M., Hybrid functionals based on a screened 

Coulomb potential. J Chem Phys 2003, 118 (18), 8207-8215. 

44. Marzari, N.; Vanderbilt, D.; De Vita, A.; Payne, M., Thermal contraction and 

disordering of the Al (110) surface. Phy Rev Lett 1999, 82 (16), 3296. 

45. Sundararaman, R.; Letchworth-Weaver, K.; Schwarz, K. A.; Gunceler, D.; 

Ozhabes, Y.; Arias, T. A., JDFTx: Software for joint density-functional theory. 

SoftwareX 2017, 6, 278-284. 



 

 166 

46. Liu, K.; Song, Y.; Chen, S. W., Defective TiO2-supported Cu nanoparticles as 

efficient and stable electrocatalysts for oxygen reduction in alkaline media. Nanoscale 

2015, 7 (3), 1224-1232. 

47. Rivera, E.; Belletete, M.; Zhu, X. X.; Durocher, G.; Giasson, R., Novel 

polyacetylenes containing pendant 1-pyrenyl groups: synthesis, characterization, and 

thermal and optical properties. Polymer 2002, 43 (19), 5059-5068. 

48. Rivera, E.; Wang, R. P.; Zhu, X. X.; Zargarian, D.; Giasson, R., Preparation of cis-

poly(1-ethynylpyrene) using (1-Me-indenyl)(PPh3)Ni-C C-Ph/methylaluminoxane as 

catalyst. J Mol Catal A-Chem 2003, 204, 325-332. 

49. Hu, P. G.; Song, Y.; Chen, L. M.; Chen, S. W., Electrocatalytic activity of alkyne-

functionalized AgAu alloy nanoparticles for oxygen reduction in alkaline media. 

Nanoscale 2015, 7 (21), 9627-9636. 

50. Terekhov, D. S.; Nolan, K. J. M.; McArthur, C. R.; Leznoff, C. C., Synthesis of 

2,3,9,10,16,17,23,24-octaalkynylphthalocyanines and the effects of concentration and 

temperature on their H-1 NMR spectra. J Org Chem 1996, 61 (9), 3034-3040. 

51. Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A. G.; Taylor, R., 

Tables of Bond Lengths Determined by X-Ray and Neutron-Diffraction .1. Bond 

Lengths in Organic-Compounds. J Chem Soc-Perkin Trans II 1987,  (12), S1-S19. 



 

 167 

52. Serpone, N.; Lawless, D.; Khairutdinov, R., Size Effects on the Photophysical 

Properties of Colloidal Anatase Tio2 Particles - Size Quantization or Direct Transitions 

in This Indirect Semiconductor. J Phys Chem 1995, 99 (45), 16646-16654. 

53. Hormann, U.; Kaiser, U.; Albrecht, M.; Geserick, J.; Husing, N., Structure and 

luminescence of sol-gel synthesized anatase nanoparticles. J Phys Conf Ser 2010, 209, 

012039. 

54. Thulin, L.; Guerra, J., Calculations of strain-modified anatase TiO 2 band 

structures. Phys Rev B 2008, 77 (19), 195112. 

55. Patrick, C. E.; Giustino, F., GW quasiparticle bandgaps of anatase TiO2 starting 

from DFT+ U. J Phys: Cond Matter 2012, 24 (20), 202201. 

56. Wang, Y.; Zhang, H.; Liu, P.; Yao, X.; Zhao, H., Engineering the band gap of bare 

titanium dioxide materials for visible-light activity: a theoretical prediction. RSC Adv 

2013, 3 (23), 8777-8782. 

57. Martsinovich, N.; Jones, D. R.; Troisi, A., Electronic Structure of TiO2 Surfaces 

and Effect of Molecular Adsorbates Using Different DFT Implementations. J Phys 

Chem C 2010, 114 (51), 22659-22670. 

58. Yao, Z. Y.; Zhang, M.; Wu, H.; Yang, L.; Li, R. Z.; Wang, P., Donor/Acceptor 

Indenoperylene Dye for Highly Efficient Organic Dye-Sensitized Solar Cells. J Am 

Chem Soc 2015, 137 (11), 3799-3802. 



 

 168 

59. Wei, H.; Luo, J. W.; Li, S. S.; Wang, L. W., Revealing the Origin of Fast Electron 

Transfer in TiO2-Based Dye Sensitized Solar Cells. J Am Chem Soc 2016, 138 (26), 

8165-8174. 

60. Goldey, M. B.; Brawand, N. P.; Voros, M.; Galli, G., Charge Transport in 

Nanostructured Materials: Implementation and Verification of Constrained Density 

Functional Theory. J Chem Theory Comput 2017, 13 (6), 2581-2590. 

61. Peng, Y.; Deming, C. P.; Chen, S. W., Intervalence Charge Transfer Mediated by 

Silicon Nanoparticles. ChemElectroChem 2016, 3 (8), 1219-1224. 

62. Song, Y.; Kang, X.; Zuckerman, N. B.; Phebus, B.; Konopelski, J. P.; Chen, S., 

Ferrocene -functionalized carbon nanoparticles  Nanoscale 2011, 3 (5), 1984-1989. 

63. Chen, L. M.; Song, Y.; Hu, P. G.; Deming, C. P.; Guo, Y.; Chen, S. W., Interfacial 

reactivity of ruthenium nanoparticles protected by ferrocenecarboxylates. Phys Chem 

Chem Phys 2014, 16 (35), 18736-18742. 

64. Chen, W.; Zuckerman, N. B.; Kang, X.; Ghosh, D.; Konopelski, J. P.; Chen, S., 

Alkyne-Protected Ruthenium Nanoparticles. J Phys Chem C 2010, 114 (42), 18146-

18152. 

65. Xu, G.-L.; Crutchley, R. J.; DeRosa, M. C.; Pan, Q.-J.; Zhang, H.-X.; Wang, X.; 

Ren, T., Strong Electronic Couplings between Ferrocenyl Centers Mediated by Bis-



 

 169 

Ethynyl/Butadiynyl Diruthenium Bridges. J Am Chem Soc 2005, 127 (38), 13354-

13363. 

66. Amelia, M.; Lavie-Cambot, A.; McClenaghan, N. D.; Credi, A., A ratiometric 

luminescent oxygen sensor based on a chemically functionalized quantum dot. Chem 

Commun 2011, 47 (1), 325-327. 

67. Li, X. G.; Liu, Y. W.; Huang, M. R.; Peng, S.; Gong, L. Z.; Moloney, M. G., Simple 

Efficient Synthesis of Strongly Luminescent Polypyrene with Intrinsic Conductivity 

and High Carbon Yield by Chemical Oxidative Polymerization of Pyrene. Chem-Eur J 

2010, 16 (16), 4803-4813. 

68. Briscoe, J.; Marinovic, A.; Sevilla, M.; Dunn, S.; Titirici, M., Biomass-derived 

carbon quantum dot sensitizers for solid-state nanostructured solar cells. Angew Chem 

Int Ed 2015, 54 (15), 4463-4468. 

69. Yun, H. J.; Paik, T.; Edley, M. E.; Baxter, J. B.; Murray, C. B., Enhanced Charge 

Transfer Kinetics of CdSe Quantum Dot-Sensitized Solar Cell by Inorganic Ligand 

Exchange Treatments. ACS Appl Mater Inter 2014, 6 (5), 3721-3728. 

 



 

 170 

Chapter 5 

 

Hydrogen Evolution Reaction Catalyzed by Ruthenium Ions-Complexed 

Graphitic-like Carbon Nitride Nanosheets 

 

Reproduced with the permission from (Yi Peng, Bingzhang Lu, Limei Chen, Nan 

Wang, Jia E Lu, Yuan Ping, Shaowei Chen, “Hydrogen evolution reaction catalyzed 

by ruthenium ion-complexed graphitic-like carbon nitride nanosheets”, J. Mater. 

Chem. A, 2017, 5, 18261-18269) © 2017 The Royal Society of Chemistry. 
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5.1 Abstract 

The development of cost-effective, high-performance electrocatalysts for 

hydrogen evolution reaction (HER) is urgently needed. In the present study, a new type 

of HER catalysts was developed where ruthenium ions were embedded into the 

molecular skeletons of graphitic carbon nitride (C3N4) nanosheets of 2.0 ± 0.4 nm in 

thickness by refluxing C3N4 and RuCl3 in water. This took advantage of the strong 

affinity of ruthenium ions to pyridinic nitrogen of the tri-s-triazine units of C3N4. The 

formation of Ru-C3N4 nanocomposites was confirmed in optical and X-ray 

photoelectron spectroscopic measurements, which suggested charge transfer from the 

C3N4 scaffold to the ruthenium centers. Significantly, the hybrid materials were readily 

dispersible in water and exhibited apparent electrocatalytic activity towards HER in 

acid and the activity increased with the loading of ruthenium metal centers in the C3N4 

matrix. Within the present experimental context, the sample saturated with ruthenium 

ion complexation at a ruthenium to pyridinic nitrogen atomic ratio of ca. 1:2 displayed 

the best performance, with an overpotential of only 140 mV to achieve the current 

density of 10 mA/cm2, a low Tafel slope of 57 mV/dec, and a large exchange current 

density of 0.072 mA/cm2. The activity was markedly lower when C3N4 was embedded 

with other metal ions such as Fe3+, Co3+, Ni3+ and Cu2+.  This suggests minimal 
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contributions from the C3N4 nanosheets to the HER activity, and the activity was most 

likely due to the formation of Ru-N moieties where the synergistic interactions between 

the carbon nitride and ruthenium metal centers facilitated the adsorption of hydrogen. 

This was strongly supported by results from density functional theory calculations. 

5.2 Introduction 

Electrochemical water splitting for hydrogen generation represents an attractive 

technology for electrochemical energy storage and conversion.1-3 Mechanistically, 

hydrogen evolution reaction (HER) involves multiple electron-transfer processes and 

requires appropriate catalysts to achieve a fast hydrogen evolution rate.4-7 Up to now, 

carbon-supported Pt has been recognized as the leading catalyst for HER with a high 

exchange-current density and small Tafel slope.8 However, the high costs of Pt have 

severely hampered the wide-spread applications. Thus, development of non-platinum 

HER catalysts as cost-effective alternatives has been attracting a great deal of attention. 

For instance, transition metal sulfides, nitrides, phosphides, carbides and oxides (MX, 

with M = Mo, Fe, Co, Ni, etc.) have been found to exhibit apparent activity towards 

HER.9-17 However, because of low dispersibility in water, the catalytic activity is 

limited by the accessibility of the active centres. In addition, the durability may be 
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compromised due to structural instability of the catalysts at low pH, a typical condition 

for HER. 

In contrast, for homogeneous catalysts based on organometallic complexes, such 

as cobalt macrocyclic glyoxime and tetraimine complexes,18 cobalt and nickel diimine-

dioxime complexes,19 copper phthalocyanine complexes,20 and ruthenium 

complexes,21 surface accessibility is markedly enhanced. In these catalysts, the metal 

centers are coordinated to nitrogen-containing organic ligands, and the resulting M-Nx 

moieties are generally believed to serve as the active sites for HER catalysis. Yet, 

despite much progress, the HER performance has remained largely subpar as compared 

to those of state-of-the art platinum catalysts.22  

Herein, by taking advantage of the abundant pyridinic nitrogen moieties in 

graphitic carbon nitride (C3N4) nanosheets, we embedded ruthenium ions within the 

C3N4 molecular skeleton forming Ru-Nx moieties that may serve as effective active 

sites for HER, analogous to conventional organometallic complexes. With high 

chemical/thermal stability,23-34 C3N4 has been explored as advanced metal-free catalysts 

for a variety of energy conversion/storage processes.35-36 For instance, C3N4-based 

materials have been used as effective photocatalysts where the electronic band gap 

structure may be readily manipulated by doping with non-metal elements.37-42 However, 

applications of C3N4 in electrocatalysis, such as HER, have been limited by its low 
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electrical conductivity. This may be mitigated by the incorporation of metal ions into 

the C3N4 molecular skeleton by taking advantage of the tri-s-triazine units of C3N4 that 

may readily chelate transition metal ions.  

Experimentally, the successful incorporation of ruthenium metal ions into the 

C3N4 matrix was manifested by the emergence of unique metal-ligand charge transfer 

(MLCT) in UV-vis and photoluminescence (PL) measurements. XPS measurements 

suggested electron transfer from the C3N4 skeleton to the ruthenium metal centers. 

Remarkably, the C3N4-Ru nanocomposites were found to be readily dispersed in water 

and exhibit apparent HER activity in acid, which increased with increasing loading of 

the ruthenium metal centers. Within the present experimental context, the sample 

saturated with ruthenium complexation at a ruthenium to pyridinic nitrogen ratio of ca. 

1:2 displayed the best performance, with a low overpotential of only 140 mV to achieve 

the current density of 10 mA/cm2, a small Tafel slope of 57 mV/dec, and a large 

exchange current density of 0.072 mA/cm2, which was superior/comparable to results 

reported recently with C3N4-based HER catalysts. This remarkable performance was 

due to the formation of Ru-N moieties where the synergistic interactions between 

pyridinic nitrogen and ruthenium metal centers facilitated the adsorption of protons 

with a decrease of the Gibbs free energy. In fact, control experiments with other 

transition metal ions such as Fe3+, Co3+, Ni3+ and Cu2+ showed only minimal 
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contributions from the C3N4 nanosheets to the HER activity, and studies based on DFT 

calculations showed a downshift of the valence and conduction bands of C3N4 and 

enhancement of electron mobility after ruthenium ions were embedded into the C3N4 

matrix. This led to optimized proton adsorption and reduction of the Gibbs free energies 

due to delocalized electrons from the ruthenium centers. 

5.3 Experimental Section 

Chemicals. Melamine (99%, Acros), ruthenium(III) chloride (RuCl3, 35-40% Ru, 

Acros), ruthenium(IV) oxide (RuO2, 99.5%, anhydrous, ACROS), copper(II) acetate 

monohydrate (Cu(OAc)2·H2O, +98%, Alfa Aesar), cobalt(II) acetate tetrahydrate 

(Co(OAc)2·4H2O, +99%, Matheson Coleman & Bell), nickel(II) acetate tetrahydrate, 

(Ni(OAc)2·4H2O, +99%, Matheson Coleman & Bell), iron(II) chloride tetrahydrate 

(FeCl2·4H2O, +99%, Fisher Scientific), and sulfuric acid (98%, Fisher Chemicals) were 

used as received. All solvents were obtained from typical commercial sources and used 

without further treatment. Water was supplied by a Barnstead Nanopure water system 

(18.3 MΩ cm). 

Material preparation. Graphitic C3N4 nanosheets were synthesized by thermal 

treatment of melamine in air, as detailed previously.43-44 Briefly, 10 g of melamine was 

placed in a ceramic crucible with a cover and heated to 600 °C at a heating rate of 2.3 
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°C/min. The sample was heated at this temperature for 3 h before being cooled down 

to room temperature, yielding a yellow product that was grounded to fine powders. To 

synthesize ruthenium ion-complexed carbon nitride (C3N4-Ru), 50 mg of the C3N4 

powders synthesized above were first dispersed into 50 mL of Nanopure H2O under 

sonication overnight to produce C3N4 thin layers. 56 mg of RuCl3 was then added to 

the mixture, which was refluxed for 4 h. The product was collected by centrifugation 

at 4500 rpm for 10 min and washed with Nanopure H2O and ethanol to remove excess 

ruthenium ions. Note that in this synthesis, the supernatant showed a light brown color, 

indicating that there are small excess ruthenium ions in the solution and C3N4 was 

saturated with ruthenium complexation. The corresponding sample was referred to as 

C3N4-Ru-F. Another sample was prepared in the same manner except the amount of 

RuCl3 added was reduced by half to 28 mg. After centrifugation, the supernatant was 

colorless, indicating that all ruthenium ions were incorporated into C3N4. The product 

was denoted as C3N4-Ru-P.  

C3N4 complexed with other transition-metal ions (i.e., Fe3+, Co3+, Ni3+ and Cu2+) 

was also prepared in a similar fashion where an equivalent amount of the salt precursors 

was used instead of RuCl3, and the corresponding products were referred to as C3N4-

Fe, C3N4-Co, C3N4-Ni, and C3N4-Cu. For these samples, the supernatants after 

centrifugation showed the same colors as those of the original metal salts, suggesting 
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that the metal ions were in excess and C3N4 was saturated with the respective metal 

ions.  

Characterization. Transmission electron microscopic (TEM) measurements 

were performed with a JOEL JEM 2100F microscope. Atomic force microscopic (AFM) 

measurements were carried out with a Molecular Imaging PicoLE SPM instrument. X-

ray diffraction (XRD) patterns were acquired with a Rigaku Americas Miniflex Plus 

powder diffractometer operated at the voltage of 40 kV and current of 30 mA. XPS 

measurements were carried out with a PHI 5400/XPS instrument equipped with an Al 

Kα source operated at 350 W and 10-9 Torr. UV-vis spectra were collected with a Perkin 

Elmer Lambda 35 UV-vis spectrometer, and PL measurements were performed with a 

PTI fluorospectrometer. Inductively coupled plasma mass spectrometric (ICP-MS) 

analysis was carried out with an Agilent 1260-7700e instrument. 

Electrochemistry. Electrochemical tests were performed using a CHI710 

workstation and electrochemical impedance measurements were carried out with a 

Gamry Reference 600 instrument. A Ag/AgCl electrode (saturated KCl) and Pt wire 

were used as the reference electrode and counter electrode, respectively, while a glassy 

carbon electrode (5 mm in diameter, 0.196 cm2) was used as the working electrode. The 

Ag/AgCl electrode was calibrated against a reversible hydrogen electrode (RHE) and 

all the potentials were referred to this RHE electrode. To prepare catalyst inks, 2 mg of 
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the C3N4-M powders obtained above and 3 mg of carbon black were dispersed in 1 mL 

of a 1:4 (v:v) water/ethanol mixed solvents along with 10 μL of a Nafion solution, and 

the mixture was sonicated for 30 min to achieve good dispersion of the materials. Then 

15 μL of the inks was dropcast onto the surface of the glassy carbon electrode and dried 

at room temperature, corresponding to a mass loading of 0.153 mg/cm2 for the catalysts. 

Full water splitting was carried out with C3N4–Ru–F as the HER catalyst and 

commercial RuO2 as the catalyst for the oxygen evolution reaction (OER), along with 

a Ag/AgCl reference electrode. To prepare the electrodes, the catalysts were dispersed 

in ethanol at a concentration of 2 mg/mL under sonication for 0.5 h; then 0.5 mL of the 

catalyst inks was drop cast onto a piece of carbon cloth (1 cm×2 cm) yielding a mass 

coverage of 0.5 mg/cm2. Water splitting tests were performed with an applied potential 

of 2 V in 1 M KOH, and the amounts of hydrogen and oxygen generated were 

quantified by water displacement measurements.  

 DFT calculations. The calculations of the electronic structures of C3N4 and 

C3N4-Ru were carried out by using open-source planewave code, Quantum Espresso.45 

The two-dimensional unit cell was built with two chemical formula of C3N4 and one 

Ru atom. The interlayer distance was set at 20 Å so that there was no interaction 

between the layers. The ultrasoft pseudo-potential46 was adopted with the wavefunction 

cutoff of 40 Ry (charge density cutoff 200 Ry), the energy threshold at 10-8 Ry, and the 



 

 179 

force converged to 10-4 au. The Marzari-Vanderbilt smearing47 was adopted with 0.01 

Ry for C3N4-Ru since the system became metal-like. We used 4 × 4 × 1 uniform k 

point mesh to sample the first Brillouin zone. The vibration frequencies of surface 

species, zero-point energy (ZPE) and entropy contribution were evaluated by density 

functional perturbation theory (DFPT).48 All atoms were initiated with spin polarization. 

The structural model details and Gibbs free-energy calculations are will be shown later. 

5.4 Results and Discussion 

C3N4 nanosheets were synthesized by thermal treatment of melamine in air,43-44 

and refluxing with RuCl3 in water led to effective incorporation of ruthenium metal 

ions into the C3N4 scaffolds, most likely forming Ru-Nx moieties through the pyridinic 

nitrogen, as schematically shown in Figure 5.1a. Figure 5.1b depicts a typical TEM 

image of the C3N4-Ru-F sample where nanosheet structures of a few tens of nm can be 

readily identified, rather consistent with the as-prepared C3N4. In XRD measurements 

(Figure 5.2), both C3N4-Ru-F and as-prepared C3N4 nanosheets displayed a single 

diffraction peak centered at 27.2°, corresponding to an interplanar spacing of 0.326 nm 

that is characteristic of the C3N4 (002) planes.37, 39, 41 Energy dispersive x-ray (EDX) 

measurements confirmed that indeed Ru ions were incorporated into the C3N4 matrix, 
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as manifested in the elemental maps of C, N, Ru and Cl in Figure 5.1c-f, which were 

all distributed rather evenly across the sample.  

 

Figure 5.1. (a) Schematic structure of C3N4-Ru nanosheets. (b) 
Representative TEM image of C3N4-Ru-F. EDX images of various elements 
in C3N4-Ru-F with the scales bar of 50 nm: (c) C, (d) N, (e) Ru, (f) Cl. (g) 
Representative AFM topograph of C3N4-Ru-F with a scale bar of 200 nm. 
(h) Height profiles of the line scans (a) and (b) in panel (g). (i) Histogram of 
the thickness of C3N4-Ru-F nanosheets based on the AFM topographic 
measurements. 
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A representative AFM topography was depicted in Figure 5.1g, and the height 

profile of a line scan is shown in Figure 5.1h, where the thickness of the C3N4-Ru 

nanosheets was found to be rather consistent at ca. 2 nm. In fact, statistical analysis 

based on more than 100 particles showed that the average thickness was 2.0 ± 0.4 nm, 

as manifested in the thickness histogram (Figure 5.1i), identical to that of the as-

produced C3N4 nanosheets.  

 

Figure 5.2. XRD patterns of C3N4 and C3N4-Ru-F. 

XPS measurements were then carried out to determine the chemical composition 

and valence states of the composites. Figure 5.3a depicts the survey spectra of (i) C3N4, 

(ii) C3N4-Ru-P and (iii) C3N4-Ru-F, where the C 1s and N 1s electrons can be readily 

identified at ca. 285 eV and ca. 399 eV for all samples, and both C3N4-Ru-F and C3N4-

Ru-P also exhibited two additional peaks at ca. 282 eV and ca. 199 eV, due to Ru 3d 
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and Cl 2p electrons, respectively. The high-resolution scan of the Cl 2p electrons is 

depicted in Figure 5.3b where the binding energy was found to peak at 197.50 (Cl 2p3/2) 

and 199.00 eV (Cl 2p1/2) for C3N4-Ru-P and 197.70 (Cl 2p3/2) and 199.20 eV (Cl 2p1/2) 

for C3N4-Ru-F, consistent with those of Cl─ ions in outer-sphere.49-50 The C 1s and Ru 

3d spectra are depicted in Figure 5.3c. For the as-prepared C3N4, the C 1s spectrum can 

be deconvoluted into two peaks, a major one at 287.31 eV and a minor one 284.06 eV. 

The former may be assigned to the sp2-hybridized carbon in N-C=N of the C3N4 matrix, 

while the latter likely arose from defective carbon in sp3 C-C bonds.31-32 Interestingly, 

the binding energy of C 1s in N-C=N blue-shifted somewhat to 287.57 eV for C3N4-

Ru-P and even further to 287.93 eV for C3N4-Ru-F, likely due to the binding of 

(positively charged) ruthenium ions to the nitrogen moiety. For the Ru 3d electrons, the 

doublet can be resolved at 281.67 eV (Ru 3d5/2) and 285.77 eV (Ru 3d3/2) for C3N4-Ru-

P, and slightly lower at 281.30 eV (Ru 3d5/2) and 285.40 eV (Ru 3d3/2) for C3N4-Ru-F. 

Note that these binding energies are actually close to those of Ru(II) 3d electrons in a 

ruthenium tris-bipyridine complex,51 indicating that ruthenium was reduced to +2 from 

the original +3 charge state likely by hydroxide species, as observed previously by 

Creutz and Sutin,52 and incorporated into the C3N4 matrix by Ru-N coordination bonds 

that enhanced electron-withdrawing of the nitrogen atoms. In fact, consistent results 

can be obtained in the high-resolution scans of the N 1s electros (Figure 5.3d). For the 
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C3N4 nanosheets, two peaks were resolved, a major one at 397.80 eV that may be 

attributed to the sp2-hybridized pyridinic nitrogen (C-N=C) and a minor one at 399.58 

eV that can be assigned to the sp3-hybridized tertiary nitrogen (N-(C)3). After 

ruthenium ion complexation, the C-N=C peak blue-shifted to 398.08 eV for C3N4-Ru-

P and 398.48 eV for C3N4-Ru-F (whereas the N-(C)3 peak remained almost invariant). 

Note that in a previous study,53 the N 1s binding energy of a polypyridyle ligand was 

also found to exhibit a positive shift of ca. 0.3 eV upon complexation with Ru(II) ions. 

These observations suggest charge transfer from the C3N4 skeleton to the Ru d-orbital. 

Such MLCT may have significant implication in the electrocatalytic activity (vide 

infra). Furthermore, based on the integrated peak areas, the elemental compositions of 

the samples were then analyzed. First, the atomic ratio of C (N-C=N) : N was estimated 

to be 1:1.27 for C3N4, 1:1.20 for C3N4-Ru-P, and 1:1.18 for C3N4-Ru-F, in good 

agreement with the expected value of 1:1.33. In addition, the Ru to pyridinic N (C=N-

C) ratio was estimated to be 1:4.7 for C3N4-Ru-P and almost doubled to 1:2.0 for C3N4-

Ru-F and consistent results were obtained in ICP-MS measurements (not shown) where 

the ruthenium content was found to increase with the amount of RuCl3 added. This 

suggested that in the saturated structure, each Ru center was coordinated to two 

pyridinic nitrogen sites, as shown in the schematic diagram of Figure 5.1a.  In addition, 

the Ru:Cl ratios in both samples were very close at 1:0.5. Obviously, the Ru centers 
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were not fully coordinated, which might be advantageous for catalytic reactions (vide 

infra).  

  

Figure 5.3. (a) XPS survey spectra of (i) C3N4, (ii) C3N4-Ru-P, (iii) C3N4-
Ru-F. High-resolution XPS spectra of (b) Cl 2p, (c) C 1s and Ru 3d, and (d) 
N 1s electrons. Black curves are experimental data and colored curves are 
deconvolution fits. 

Further structural insights were obtained in UV-vis and PL measurements. From 

Figure 5.4a, one can see that the as-prepared C3N4 nanosheets (black curve) exhibited 

an absorption peak at around 320 nm, similar to that observed with graphene quantum 
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dots,54-55 and a weak, broad peak at ca. 390 nm which can be assigned to π−π* 

transitions that are commonly observed in conjugated ring systems including 

heterocyclic aromatics.56 Similar optical characteristics can be seen with C3N4-Ru-F 

(red curve). However, the difference between these two spectra shows a new absorption 

band between 350 nm and 550 nm, where the peak at ca. 431 nm (green curve) is likely 

due to MLCT transitions, as observed previously with ruthenium-bipyridine 

complexes.57-58 Furthermore, both the C3N4 and C3N4-Ru-F exhibited rather consistent 

PL profiles, with the emission peak (lem) at 436 nm under the excitation (lex) of 330 

nm at room temperature (Figure 5.4b) .25, 59 However, it can be seen that the emission 

intensity of C3N4-Ru-F decreased by about 91% as compared to that of C3N4, most 

likely because the emission coincided with the MLCT absorption of the Ru-N moieties 

(panel a) as well as because of marked diminishment of the C3N4 bandgap upon 

ruthenium ion complexation, as suggested in DFT calculations (vide infra). This is also 

manifested in the photographs of C3N4 and C3N4-Ru-F solutions under photoirradiation 

at 365 nm (Figure 5.4b inset). The substantial quenching of the PL emission of C3N4-

Ru-F, as compared to that of C3N4, suggested that ruthenium ion complexation 

suppressed radiative recombination of the photo-generated electron-hole pairs.60-61 
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Figure 5.4. (a) UV-vis spectra of C3N4 (black curve), C3N4-Ru-F (red curve) 
and the difference between these two spectra (green curve). (b) 
Photoluminescence spectra of C3N4 (black curve) and C3N4-Ru-F (red curve). 
Inset is the corresponding photographs of C3N4 and C3N4-Ru dispersions 
under 365 nm UV irradiation. 

The electrocatalytic activities of the samples towards HER were then evaluated 

by electrochemical measurements in a N2-saturated 0.5 M H2SO4 solution. Figure 5.5a 

depicts the polarization curves of the various electrocatalysts loaded onto a glassy 

carbon electrode. One can see that at increasingly negative potentials, nonzero currents 

started to emerge with C3N4, C3N4-Ru-P and C3N4-Ru-F, in comparison to those of 

electrocatalytically inactive carbon black, indicating effective HER activity of the 

materials. Yet the activity varied markedly among the series. For instance, the 

overpotential (h10) required to achieve the current density of 10 mA/cm2 was only -140 

mV for C3N4-Ru-F, markedly lower than those for C3N4-Ru-P (-189 mV) and C3N4 

(-296 mV). For comparison, h10 for Ru nanoparticles was -233 mV,62 signifying 
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limited activity of (metallic) ruthenium nanoparticles towards hydrogen evolution. This 

indicates that it is the incorporation of ruthenium metal ions into the C3N4 matrix that 

significantly enhanced the HER activity, which increased with increasing loading of 

the metal centers. Also, at the same overpotential of -200 mV, the current densities 

were the highest at 33.32 mA/cm2 for C3N4-Ru-F, as compared to 12.73 mA/cm2 for 

C3N4-Ru-P and 2.84 mA/cm2 for C3N4. That is, the HER activity of C3N4-Ru-F is 2.6 

times that of C3N4-Ru-P and 11.7 times that of C3N4. Notably, whereas the overall 

performance remains subpar as compared to that of state-of-the art Pt/C (which 

exhibited an h10 of only -38 mV), it is better than leading results of C3N4-based HER 

electrocatalysts reported in recent literature, and is comparable to those based on non-

precious metals and compounds (Table 5.1).  

Additionally, the linear portions of the polarization curves (Figure 5.5b) were 

fitted to the Tafel equation, η = a log |j| + b (j is the current density, and a is the Tafel 

slope), and the Tafel slope was estimated to be 57 mV/dec for C3N4-Ru-F, much lower 

than those for C3N4-Ru-P (81 mV/dec) and C3N4 (178 mV/dec). For comparison, the 

Tafel slope was ca. 31 mV/dec for commercial Pt/C, consistent with results of earlier 

studies,13, 63 and markedly greater at 234 mV/dec for the poorly active carbon black.  
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Figure 5.5. (a) Polarization curves of HER on various electrocatalysts in 0.5 
M H2SO4. (b) Corresponding Tafel plots derived from panel (a). (c) Cyclic 
voltammograms within the range of +0.1 to +0.2 V where no faradaic 
reaction occurred at difference scan rates. (d) Variation of the double-layer 
charging currents at +0.15 V versus scan rate. (e) Nyquist plots collected at 
the overpotential of -50 mV. Inset is the equivalent circuit of the 
electrocatalyst-modified electrode, where Rs is (uncompensated) resistance, 
Rct is charge-transfer resistance and CPE is constant-phase element 
(equivalent to Cdl). (f) The 1st and 1000th cycle of HER polarization curves 
on C3N4-Ru-F in the stability test.  
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Table 5.1. The comparison of the C3N4-Ru-F and the recent reported 
electrocatalysts for HER. 

Catalyst h10 
(mV) 

Tafel slope 
(mV/dec) 

Loading 
(mg/cm2) 

J0 
(μA/cm2) 

reference 

C3N4-Ru-F 140 57 0.153 72 
This 
work 

C3N4-Cu 390 76 0.28 N/A 64 
C3N4-nanoribbon-

G 
207 54 0.143 39.8 65 

C3N4/NG 240 51.5 0.1 0.35 66 
Co@NG 180 79 0.285 NA 67 

Co-NRCNT 260 80 0.28 10 68 
Co-C-N 138 55 N/A N/A 69 

Mo2C/CNT-GR 130 58 0.66 63 70 
Mn0.05Co0.95Se2 195 36 0.28 68.3 71 

MoS0.94P0.53 150 57 0.285 N/A 72 
WS2@P,N,O-

graphene 
125 52.7 0.159 131 73 

N,P-C 163 89 0.3 160 74 
MoP ~145 54 N/A 34 75 

WS2 nanosheets ~230 60 0.1-0.2 20 2 
S,N-C 116 68 0.285 N/A 76 

MoS2/carbon 159 56 0.285 N/A 77 
Au@N-C 130 77 0.357 N/A 78 

Note that HER involves three major steps, each of which carries a specific Tafel 

slope: 

(1) Volmer reaction (Tafel slope 120 mV/dec): H3O+ + e- → H* + H2O   

(2) Heyrovsky reaction (Tafel slope 40 mV/dec): H* + H3O+ + e- → H2 + H2O    

(3) Tafel reaction (Tafel slope 30 mV/dec): 2H* → H2   
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where the asterisks denote surface-adsorbed species. Based on the Tafel slopes 

obtained above, one can see that the rate-determining step (RDS) of HER on Pt/C is 

most likely the Tafel reaction where molecular hydrogen (H2) is formed by adsorbed 

hydrogen (H*) and released from the catalyst surface, due to the high activity of 

platinum in the reduction of proton to atomic hydrogen.79 For the C3N4-Ru complexes, 

the HER activity was likely dictated by the combined Volmer and Heyrovsky reactions, 

where the RDS involves the formation of metal-hydride moieties. Furthermore, the 

exchange current density (Jo) can be estimated by extrapolation of the Tafel plot to the 

x axis to be 0.072 mA/cm2 for C3N4-Ru-F, which is also superior/comparable to results 

reported in recent literatures with relevant electrocatalysts (Table 5.1). For comparison, 

Jo was markedly lower at 0.014.5 mA/cm2 for C3N4-Ru-P, and 0.00015 mA/cm2 for 

C3N4, whereas much higher at 1.5 mA/cm2 for Pt/C. 

In the above electrochemical measurements, one can clearly see that the HER 

activity of the as-prepared C3N4 nanosheets alone was very poor, markedly lower than 

those of the C3N4-Ru composites. This suggests minimal contributions of pyridinic 

nitrogen in C3N4 to hydrogen reduction, in contradiction to results in prior studies 

where DFT calculations and experimental results suggested that hybrid materials based 

on carbon nitride and nitrogen-doped graphene might be active for HER 

electrocatalysis.66, 80 In the present study, the remarkable HER performance of C3N4-
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Ru is most likely due to the ruthenium metal centers embedded within the C3N4 matrix, 

where the Ru-N moieties behaved analogously to conventional metal complexes for 

HER.21-22, 81 In fact, when the ruthenium metal centers were replaced by other 

transition-metal ions, such as Fe(II), Co(II), Ni(II), and Cu(II), the HER performance 

of the resulting C3N4-M composites diminished substantially and became comparable 

to that of C3N4 alone (Figure 5.6), indicating the unique role of ruthenium centers in 

the electroreduction of protons to hydrogen. The HER activity of C3N4–Ru–F was also 

manifested in full water splitting with commercial RuO2 as the OER catalyst, where 

the amount of hydrogen generated was 2.05 times that of oxygen. 

Further insights into the interactions between ruthenium metal centers and the 

C3N4 matrix were obtained by quantitative analysis of the electrochemical active 

surface area (ECSA) and charge-transfer resistance (Rct). Figure 5.5c depicts the cyclic 

voltammograms of C3N4-Ru-F recorded at different scan rates (10 to 60 mV/s) in the 

potential range of +0.1 to +0.2 V vs. RHE, where no faradaic reaction occurred. Figure 

5.5d plotted the current density at +0.15 V versus potential scan rate and the double 

layer capacitance (Cdl, which is proportional to ECSA) of C3N4-Ru-F was estimated to 

be 18.4 mF/cm2, which was 4.7 times that of C3N4 (3.9 mF/cm2), and 1.7 times that of 

C3N4-Ru-P (10.7 mF/cm2). This may be ascribed to the enhanced electrical conductivity 

of the composites with the incorporation of metal centers into the C3N4 molecular 
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skeleton. Taking into consideration the low mass loading of 0.153 mg/cm2 of the 

composites, the Cdl values were also comparable to result reported in prior studies 

(Table 5.1).  

 

Figure 5.6.  The HER performance of the control samples. As indicated in 
the insert chart, h10 of C3N4-M complexes (M=Co, Fe, Cu or Ni) are all very 
close to pure C3N4 but much larger than C3N4-Ru-F. This reflected that the 
performance of the controlled complexes has very similar performance 
compared to pure C3N4 but much worse than C3N4-Ru-F.  

Electrochemical impedance measurements were then carried out to quantify the 

corresponding Rct and the typical Nyquist plots and Rct was estimated by fitting the data 

to Randle’s equivalent circuit (inset to Figure 5.5e). One can see that Rct decreased 

significantly with increasing overpotentials. Figure 5.5e compares the Nyquist plots of 

the various electrocatalysts at the overpotential of -50 mV, where Rct was estimated to 
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be 285 Ω for C3N4-Ru-F, 658 Ω for C3N4-Ru-P and 1550 Ω for C3N4. Indeed, one can 

see that the embedment of ruthenium metal centers within the C3N4 matrix greatly 

facilitated the electron-transfer kinetics, consistent with results from the above 

voltammetric measurements. 

	

Figure 5.7.  (a) C3N4 1×1 cell structure. (b) C3N4 cell 2×2 structure. (c) 
C3N4-Ru 1×1 cell structure. (d) C3N4-Ru cell 2×2 structure. The labeled 
atoms will be used as the target to calculate the Gibbs free-energy.  

Besides excellent electrocatalytic activity, stability of the catalysts is also an 

important variable in practical applications. For C3N4-Ru-F, the polarization profiles 

remained almost invariant after 1,000 cycles of potential scans, with the h10 value 

increased by only 3 mV, suggesting long-term durability of the catalyst (Figure 5.5f). 
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In fact, XPS measurements showed no variation of the C 1s and Ru 3d electrons after 

1000 electrochemical cycles. 

To unravel the mechanistic insights involved, DFT calculations were conducted to 

examine the effect of the incorporation of ruthenium ions into the C3N4 matrix on the 

band structures and Gibbs free energy of hydrogen adsorption and reduction. 2 × 2 

supercells of C3N4 and C3N4-Ru were used for the calculations (Figure 5.7), where a 

ruthenium ion was bonded to two nitrogen sites, as suggested by the experimental 

results. The calculated band structure of C3N4 (Figure 5.8a) suggests an indirect band 

gap of about 1.3 eV, which is in good agreement with the PDOS plot in Figure 5.8b and 

results from previous studies.23, 82 In contrast with the semiconducting nature of C3N4, 

the band structure of C3N4-Ru (Figure 5.8c) shows no band gap, most probably because 

the embedment of ruthenium ions into the C3N4 matrix caused a charge transfer 

between C3N4 and ruthenium ions, as observed in XPS measurements.83 Additionally, 

the PDOS profile of C3N4-Ru shows a large density of states at the Fermi level, with 

the primary contributions from the Ru 4d and 5s orbitals (Figure 5.8d). This indicates 

that the incorporation of ruthenium ions into C3N4 led to redistribution of the electrons 

within the composite, crossing of the Fermi level with the conduction band, and hence 

enhanced electrical conductivity, consistent with electrochemical impedance 

measurements. This may also explain the quenching of the C3N4 PL emission. 
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Figure 5.8. (a) Band structures and (b) projected density of states of C3N4. 
(c) Band structures and (d) projected density of states of C3N4-Ru. 
Contributions of Ru 4d and 5s orbitals to the PDOS are labeled in different 
colors. (e) Calculated Gibbs free-energy (ΔGH*) of HER at the equilibrium 
potential for C3N4 (blue) and C3N4-Ru (red) at various bonding sites as 
labeled in the panel inset. (f) Schematic of interfacial charge transfer in C3N4-
Ru. Red signals are positive charge and blue signals are negative charge with 
an isosurface value of 0.003 e/au3.  

Such a marked discrepancy of the electronic structures of C3N4-Ru, as compared 

to that of C3N4, is likely responsible for the much enhanced electrocatalytic activity of 
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C3N4-Ru.66, 84-85 Notably, HER typically involves a three-state process, an initial H+ 

state, an intermediate H* state, and a ½H2 state as the final product (Figure 5.8e); and 

the Gibbs free-energy of the formation of the intermediate H* state, |ΔGH*|, can be used 

as the descriptor of the HER performance for different electrocatalysts.86 For an ideal 

HER electrocatalyst, |ΔGH*| should be zero. In the present study, C3N4 was found to 

exhibit a Gibbs free energy of ΔGCH* = +1.23 eV and ΔGNH* = -0.63 eV for the carbon 

and nitrogen bonding sites (labeled in the left inset to Figure 5.8e), respectively. Yet, 

when ruthenium ions were incorporated into the C3N4 matrix, the |ΔGH*| values were 

found to be substantially lower at the Ru, C, and N binding sites (labeled in the right 

inset to Figure 5.8e), ΔGCH* = -0.48 eV, ΔGN1H* = +0.57 eV, ΔGN2H* = +0.60 eV and 

ΔGRuH* = -0.49 eV, suggesting enhanced hydrogen adsorption by ruthenium ion 

complexation to C3N4. This is also manifested in Figure 5.8f, which depicts the 

interfacial charge transfer between C3N4 and ruthenium ions (by computing the charge 

density difference between C3N4-Ru and C3N4 + isolated Ru atom) and the resulting 

charge redistribution among the entire cell. From these studies, one can see that the 

incorporation of ruthenium ions into the C3N4 molecular skeleton drastically enhanced 

the electrical conductivity and facilitated the adsorption of hydrogen to various binding 

sites in the composites, which is likely responsible for the enhanced HER performance. 
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5.5 Conclusion 

In this study, a new type of HER electrocatalysts was designed and synthesized by 

thermal refluxing of graphitic C3N4 nanosheets and RuCl3 in water, leading to the 

formation of C3N4-Ru hybrids that exhibited apparent HER activity in acidic media. In 

fact, the HER activity was found to increase with increasing loading of the ruthenium 

ions in the C3N4 matrix, and the best sample displayed an overpotential of only 140 mV 

to achieve the current density of 10 mA/cm2, a Tafel slope of 57 mV/dec and an 

exchange current density of 0.072 mA/cm2, which is comparable/superior to results 

reported in recent literatures with relevant HER electrocatalysts. Such a remarkable 

performance was ascribed to the formation of Ru-N2 moieties that facilitated the 

adsorption of hydrogen, a critical step in HER catalysis, as confirmed by studies based 

on DFT calculations. Significantly, the results suggest that graphitic C3N4 nanosheets 

might be exploited as a unique functional scaffold for the fabrication of a wide range 

of single atom-like catalysts for diverse applications.87-88 
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Chapter 6 

 

Ruthenium Ion-Complexed Graphitic Carbon Nitride Nanosheets Supported on 

Reduced Graphene Oxide as High-Performance Catalysts for Electrochemical 

Hydrogen Evolution 

 

Reproduced with the permission from (Yi Peng, Wanzhang Pan, Nan Wang, Jia-En Lu, 

Shaowei Chen, “Ruthenium Ion-Complexed Graphitic Carbon Nitride Nanosheets 

Supported on Reduced Graphene Oxide as High-Performance Catalysts for 

Electrochemical Hydrogen Evolution”, ChemSusChem, 2018, 11, 130-136) © 2018 

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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6.1 Abstract 

Carbon-based materials are promising, low-cost electrocatalysts toward hydrogen 

evolution reaction (HER), although the catalytic performance needs to be further 

improved before commercialization. In this study, ruthenium ions are incorporated into 

graphitic carbon nitride/reduced graphene oxide (rGO) hybrids forming Ru-C3N4/rGO 

composites through Ru-N coordination bonds. The incorporation of Ru ions, at a 

loading of 1.93 at.%, leads to electron redistribution within the materials and 

dramatically enhances the HER performance, as compared to C3N4, C3N4/rGO, and Ru-

C3N4, with an overpotential of only -80 mV to reach the current density of 10 mA/cm2, 

a Tafel slope of 55 mV/dec, and an exchange current density of 0.462 mA/cm2. This 

performance is highly comparable to that of Pt/C, and ascribed to the positive shift of 

the conduction band of the composite, where the charge carrier density increases by a 

factor of about 250 over that of C3N4, leading to a lower energy barrier of hydrogen 

evolution. The results suggest a new strategy in the design and engineering of 

functional nanocomposites for effective HER electrocatalysis by embedding select 

metal ions into the carbon-based molecular skeletons. 
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6.2 Introduction 

As a clean and environmentally friendly fuel, hydrogen has been hailed as one of 

the most promising energy sources in the future. Towards this end, it is imperative to 

develop efficient technologies for hydrogen storage and conversion.1-2 Mechanistically, 

effective electrocatalysts are required to achieve a high hydrogen generation rate as 

hydrogen evolution reaction (HER) involves multiple electron-transfer steps.3-4 Thus 

far, platinum-based materials supported on carbon have exhibited the best 

electrocatalytic performance for HER; however, widespread commercial applications 

are hindered by the low natural abundance and high costs of platinum.5 In recent years, 

a variety of transition metal-based materials have been found to show apparent 

electrocatalytic activities towards HER. However, durability remains an issue because 

of corrosion of the catalysts in acid electrolytes.6-9 Carbon-based materials, such as 

graphene, carbon nanotubes, and amorphous carbon, have also been explored as viable 

catalysts for HER.10-18 However, their activities have remained markedly lower than 

that of state-of-the art Pt/C.  

More recently, Chhetri et al. found that carbon-rich borocarbonitrides (BC7N2) had 

an apparent activity with an overpotential (η10) of only -70 mV to reach the current 

density of 10 mA/cm2, which was comparable to that of Pt/C; however, the Tafel slope 
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was relatively high (100 mV/dec), indicative of increasing deviation from Pt/C at high 

overpotentials.19 In another study,20 carbon nitride (C3N4) and N-doped graphene (NG) 

were combined to form a hybrid structure which exhibited apparent HER activity 

arising from electronic coupling between C3N4 and NG; however the η10 value 

remained quite high at -240 mV. The HER performance may be enhanced by 

morphological engineering of C3N4 and graphene, but it is difficult to reduce h10 to 

below -200 mV.21-23 In a more recent study,24 we showed that when ruthenium metal 

ions were embedded into C3N4 nanosheets, the resulting Ru-C3N4 complex exhibited a 

much enhanced HER activity. This was accounted for by the formation of Ru-N 

coordination bonds, owing to the strong affinity of ruthenium(II) ions to pyridinic 

nitrogen of the tri-s-triazine units of C3N4 that facilitated the adsorption and reduction 

of hydrogen, with an η10 of -140 mV and Tafel slope of 57 mV/dec, whereas only 

minimal activity was observed with other metal ions such as Fe3+, Co3+, Ni3+ and Cu2+.  

In the present study, the HER performance was further improved by incorporating 

graphene into the Ru-C3N4 complex. Experimentally, C3N4 nanosheets were mixed 

with reduced graphene oxide (rGO), and then embedded with ruthenium metal ions by 

thermal refluxing with RuCl3 in water (Scheme 7.1). Despite a low Ru loading of 1.93 

at%, the resulting Ru-C3N4/rGO nanocomposite exhibited markedly enhanced 

electrocatalytic activity towards HER, as compared to the individual components and 
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their binary composites, with a low η10 of only -80 mV, a Tafel slope of 55 mV/dec, 

and exchange current density of 0.462 mA/cm2.  Notably, this performance is 

comparable to that of Pt/C. 

6.3 Experimental Section 

Chemicals. Melamine (99%, Acros), ruthenium chloride (RuCl3, 35-40% Ru, 

Acros), sulfuric acid (H2SO4, 98%, Fisher Chemicals), sodium chloride (NaCl, 99%, 

Acros), sodium nitrate (NaNO3, 99%, Acros), potassium permanganate (KMnO4, 99%, 

Fisher Chemicals), and ascorbic acid (99%, Fisher Chemicals) were used as received. 

All solvents were obtained from typical commercial sources and used without further 

treatment. Water was supplied by a Barnstead Nanopure water system (18.3 MΩ cm). 

Synthesis of graphitic carbon nitride (C3N4). C3N4 was synthesized by direct 

pyrolysis of melamine in air.25-26 Briefly, 10 g of melamine was placed in a crucible 

with a cover and then heated at 600 °C for 3 h. After being cooled down to room 

temperature, the yellow product was collected and ground to fine powders. 50 mg of 

the obtained C3N4 powder was then mixed with 50 mL of Nanopure H2O under 

sonication overnight to produce well-dispersed thin-layer C3N4.   

Synthesis of graphene oxide (GO). GO was synthesized by a modified Hummers 

method.27-28 In a typical experiment, graphite flakes (1 g) were ground with NaCl (20 
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g) for 15 min, and NaCl was washed away by rinsing with water in a vacuum filtration 

apparatus. The remaining graphite was dried in an oven at 70 °C, and then transferred 

to a 250 mL round-bottom flask. 23 mL of concentrated H2SO4 was added into the flask 

and the mixture was stirred at room temperature for 24 h before being heated in an oil 

bath at 40 °C. 100 mg of NaNO3 was added to the suspension and allowed to dissolve 

in 5 min. This step was followed by the slow addition of 3 g of KMnO4, with the 

solution temperature kept below 45 °C, under magnetic stirring for 30 min. The flask 

was removed from the oil bath and 140 mL of Nanopure water and 10 mL of 30% H2O2 

were added to the reaction. The mixture was under magnetic stirring at room 

temperature for 5 min. It was then repeatedly centrifuged and washed with 5% HCl 

solution twice, followed by rinsing with copious amounts of water. The final precipitate 

was dispersed in 100 mL of water and sonicated for 30 min. Insoluble solids were 

removed by centrifugation at 3000 rpm for 5 min, and the brown supernatant was 

collected and dried in an oven at 70 °C. 

Synthesis of C3N4/rGO composites. To synthesize C3N4/rGO composites, 50 mg 

of GO was added into 50 mL of 1 mg/mL thin-layer C3N4 solution prepared above. The 

mixture was sonicated for 1 h before being refluxed with ascorbic acid for 2 h. The 

products were collected by centrifugation.  
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Synthesis of Ru-C3N4/rGO complexes. To synthesize Ru-C3N4/rGO hybrids, the 

C3N4/rGO composites obtained above were dispersed in 50 mL of Nanopure H2O, into 

which was then added 28 mg of RuCl3. The mixture was refluxed for 2 h, and the 

product was collected by centrifugation at 4500 rpm for 10 min and washed with H2O 

and ethanol. Note that at this feed ratio, the supernatant showed a light brown color, 

indicating that there was a small excess of ruthenium ions in the solution and C3N4 was 

saturated with ruthenium complexation.24 

Characterization. The morphology of the samples was characterized by 

transmission electron microscopic (TEM, Philips CM300 at 300 kV) and atomic force 

microscopic measurements (AFM, Molecular Imaging PicoLE SPM). X-ray 

photoelectron spectroscopic (XPS) measurements were carried out with a PHI 

5400/XPS instrument equipped with an Al Kα source operated at 350 W and 10-9 Torr.  

Electrochemistry. Electrochemical tests were performed using a CHI710 

workstation and electrochemical impedance and Mott-Schottky measurements were 

carried out with a Gamry Reference 600 instrument. A Ag/AgCl electrode (1 M KCl) 

and Pt wire were used as the reference electrode and counter electrode, respectively, 

while a glassy carbon electrode (5 mm in diameter, 0.196 cm2) was used as the working 

electrode. The Ag/AgCl electrode was calibrated against a reversible hydrogen 

electrode (RHE) and all the potentials were referred to this RHE electrode except for 
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the Mott-Schottky analysis where the potential was referenced to Ag/AgCl. To prepare 

catalyst inks, 2 mg of the catalysts obtained above and 3 mg of carbon black were 

dispersed in 1 mL of a 1:4 (v:v) water/ethanol mixed solvents along with 10 μL of a 

Nafion solution, and the mixture was sonicated for 30 min to achieve good dispersion 

of the materials. Then 15 μL of the above inks was dropcast onto the surface of the 

glassy carbon electrode and dried at room temperature, corresponding to a mass loading 

of 0.153 mg/cm2 for the catalysts. All measurements were carried out in 0.5 M H2SO4 

except for Mott-Schottky analysis which was performed in 0.1 M Na2SO4. 

6.4 Results and Discussion 

The synthesis of the Ru-C3N4/rGO hybrid was shown in Scheme 6.1. Briefly, GO 

was prepared by a modified Hummers method using graphite flakes as precursors,27-28 

and C3N4 nanosheets were synthesized by sonication of graphitic C3N4 obtained by 

thermal treatment of melamine in air.25-26 Refluxing of the mixture of C3N4 and GO in 

water with the addition of ascorbic acid led to the production of C3N4/rGO composites, 

likely in the form of a sandwich structure.20 With the addition of a calculated amount 

of RuCl3 into the solution, ruthenium metal ions were incorporated into the 

nanocomposites by complexation with the pyridinic nitrogen of the tri-s-triazine units 

of the C3N4 scaffolds, forming Ru-C3N4/rGO hybrid materials.  
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Scheme 6.1. Schematic illustration of the preparation of C3N4-rGO-Ru 
nanocomposites. 

The formation of the composites was first confirmed by AFM topographic 

measurements, from which one can see that C3N4 nanosheets are well-dispersed 

without apparent aggregation (Figure 6.1a1). Line scans show that the nanosheets are 

about 2 nm in thickness (Figure 6.1a2). Statistical analysis based on more than 100 

nanosheets shows that the average thickness is 2.0 ± 0.4 nm (see the histogram in Figure 

6.1a3), corresponding to roughly 6 layers in C3N4 (interlayer spacing of C3N4 is about 

0.33 nm).24 With the addition of rGO, substantial aggregation occurred with the 

resulting C3N4/rGO composites (Figure 6.1b1), and the thickness increased markedly 

up to 10 nm (Figure 6.1b2), with the average of 6.3 ± 3.7 nm (Figure 6.1b3). This is 

and their binary composites, with a low h10 of only ˇ80 mV, a
Tafel slope of 55 mV decˇ1, and an exchange current density of
0.462 mA cmˇ2. Notably, this performance is comparable to
that of Pt/C.

Results and Discussion

The synthesis of the RuˇC3N4/rGO hybrid is shown in
Scheme 1. Briefly, GO was prepared by a modified Hummers
method by using graphite flakes as precursors,[25, 26] and C3N4

nanosheets were synthesized by sonication of graphitic C3N4

obtained by thermal treatment of melamine in air.[27, 28] Reflux-
ing of the mixture of C3N4 and GO in water with the addition
of ascorbic acid led to the production of C3N4/rGO composites,
likely in the form of a sandwich structure.[20, 21, 29] With the addi-
tion of a calculated amount of RuCl3 into the solution, rutheni-
um metal ions were incorporated into the nanocomposites by
complexation with the pyridinic nitrogen of the tri-s-triazine
units of the C3N4 scaffolds, forming RuˇC3N4/rGO hybrid mate-
rials.

The formation of the composites was first confirmed by
atomic force microscopy (AFM) topographic measurements,
from which one can see that C3N4 nanosheets are well-dis-
persed without apparent aggregation (Figure 1 a1). Line scans
show that the nanosheets are about 2 nm in thickness (Fig-
ure 1 a2). Statistical analysis based on more than 100 nano-
sheets shows that the average thickness is 2.0⌃0.4 nm (see
the histogram in Figure 1 a3), corresponding to roughly 6 layers
in C3N4 (interlayer spacing of C3N4 is about 0.33 nm).[24] With

Scheme 1. Schematic illustration of the preparation of RuˇC3N4/rGO nano-
composites.

Figure 1. a–c) Representative AFM topographes of (a1) C3N4, (b1) C3N4/rGO composites, and (c1) RuˇC3N4/rGO complex, the corresponding height profiles of
the lines scans (a2, b2, and c2), and thickness histograms of the samples (a3, b3, and c3). d, e) Representative TEM images and the corresponding elemental
maps of carbon, nitrogen, oxygen and ruthenium of (d) C3N4/rGO and (e) Rǔ C3N4/rGO nanocomposites.

ChemSusChem 2018, 11, 130 – 136 www.chemsuschem.org ⌫ 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim131
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likely due to the formation of C3N4/rGO sandwich-like ensembles as a result of strong 

π-π interactions between the C3N4 and rGO nanosheets.29-32 Notably, no apparent 

variation was observed with the morphology or thickness of the nanocomposites after 

the embedment of ruthenium ions into the C3N4 scaffold (Figure 6.1c). From the TEM 

images of the C3N4/rGO and Ru-C3N4/rGO nanocomposites and their corresponding 

elemental maps (Figure 6.1d-e). One can see that no particulate materials were 

produced, that both C3N4/rGO and Ru-C3N4/rGO exhibited similar agglomeration, and 

that all elements were distributed evenly across the respective samples. Note that 

although Ru was not detected in C3N4/rGO, the signals were quite visible in Ru-

C3N4/rGO.  
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Figure 6.1. Representative AFM topographies of (a1) C3N4, (b1) C3N4/rGO 
composites and (c1) Ru-C3N4/rGO complex, and the corresponding height 
profiles (a2, b2, and c2) of the line scans, and thickness histograms (a3, b3, and 
c3). Representative TEM images and the corresponding elemental maps of 
carbon, nitrogen, oxygen and ruthenium of (d) C3N4/rGO and (e) Ru-
C3N4/rGO nanocomposites. 

Further structural insights were obtained in XPS. Figure 6.2a depicts the survey 

spectra of (i) C3N4, (ii) C3N4/rGO and (iii) Ru-C3N4/rGO, where the peaks at 284, 399, 

and 531 eV may be assigned to the C 1s, N 1s and O 1s electrons, respectively. In 

addition, the peak at 464 eV in curve (iii) for Ru-C3N4/rGO, which is absent in those 

for the other two samples, can be ascribed to Ru 3p electrons (Ru 3d overlaps with C 

1s),33 suggesting that indeed ruthenium metal ions were successfully incorporated into 
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the nanocomposites. Furthermore, based on the integrated peak areas, the elemental 

composition in Ru-C3N4/rGO can be estimated to be 67.88 at.% for C, 7.48 at.% for N, 

22.75 at.% for O and 1.93 at.% for Ru (Table 6.1). From the high-resolution spectra in 

Figure 6.2b, deconvolution yields a major peak at 287.40 eV for C3N4 (curve i) that 

may be assigned to the sp2-hybridized carbon in N-C=N and a minor one at 284.20 eV 

from defective carbon.34 For C3N4/rGO (curve ii) and Ru-C3N4/rGO (curve iii), the 

N-C=N peak shifted positively to 287.85 and 288.02 eV, respectively, indicating 

reduced electron density of the sp2 C in C3N4, likely due to charge transfer from C3N4 

to rGO and/or Ru centers.35 Two additional peaks can be identified at 284.31 and 286.16 

eV, which may be ascribed to carbon in C=C and C-O of rGO, respectively. The peaks 

are somewhat lower than those observed with rGO alone (C=C at 284.60 eV and C-O 

at 286.50 eV), suggesting enhanced electron density of these carbon moieties.36 For the 

Ru-C3N4/rGO sample (Figure 6.2b, curve iii), deconvolution also yields a doublet at 

281.96 and 286.16 eV that is very consistent with the 3d5/2 and 3d3/2 electrons of Ru(II) 

ions in Ru-N moieties, indicating that Ru(III) was reduced to Ru(II) during the 

refluxing process, most probably by hydroxide species,37 and incorporated into the 

C3N4 matrix by Ru-N coordination bonds.24, 38 Figure 6.2c shows the N 1s spectra, 

where two subpeaks can be resolved in all three samples. For C3N4 (curve i), the peak 

at 397.86 eV may be assigned to sp2-hybridized pyridinic nitrogen (C-N=C) and that 
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at 399.62 eV to sp3-hybridized tertiary nitrogen (N-(C)3).39 For C3N4/rGO (curve ii) 

and C3N4-rGO-Ru (curve iii), the C-N=C peak had undergone an apparent blue-shift 

to 398.47 eV and 398.65 eV, respectively. Taken together, these results suggest efficient 

charge transfer from C3N4 to rGO and Ru centers.24, 29, 40-41 Furthermore, based on the 

integrated peak areas, the atomic ratio of N (C-N=C) to Ru was estimated to be 

approximately 2.3 for the Ru-C3N4/rGO sample, similar to that observed previously 

with C3N4-Ru where the ruthenium ions were coordinated to 2 N sites in C-N=C.24 

Overall, results from the XPS measurements suggest strong electronic interactions 

among the three structural components of Ru-C3N4/rGO, which may have significant 

impacts on the electrocatalytic activity towards HER (vide infra). 

Table 6.1. Atomic percentages (at.%) of each elements in the materials based 
on XPS measurements. 

Samples C N O Ru 

C3N4 42.14% 53.86% 4.00% - 

C3N4-rGO 61.67% 16.65% 21.68% - 

C3N4-rGO-Ru 67.88% 7.48% 22.71% 1.93% 
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Figure 6.2. (a) XPS survey spectra of (i) C3N4, (ii) C3N4/rGO, and (iii) Ru-
C3N4/rGO. (b) High-resolution XPS spectra of C 1s and Ru 3d electrons. (c) 
High-resolution XPS spectra of N 1s electrons. 
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Significantly, the resulting Ru-C3N4/rGO nanocomposites exhibited high HER 

activity, a performance markedly better than those of C3N4, C3N4/rGO and Ru-C3N4 and 

comparable to that of Pt/C. Figure 6.3a depicts the polarization curves in N2-saturated 

0.5 M H2SO4 of the various samples loaded onto a glassy carbon electrode, from which 

η10 can be estimated to be -416, -206, and -80 mV for C3N4, C3N4/rGO, and Ru-

C3N4/rGO, respectively. Note that η10 for C3N4-Ru was -140 mV.24 Taken together, 

these results indicate that the embedment of ruthenium metal ions into the C3N4 matrix 

significantly increased the HER activity, and the performance may be further enhanced 

by the incorporation of rGO nanosheets. Significantly, the η10 for Ru-C3N4/rGO was 

also comparable to that of Pt/C (-41 mV). Consistent results can be obtained from 

analysis of the Tafel plots, which included the linear segments of the polarization curves 

(Figure 6.3b). From the y-axis intercept by linear regression, the exchange current 

density (J0) can be quantified to be 0.0045 mA/cm2 for C3N4, 0.036 mA/cm2 for 

C3N4/rGO, 0.072 mA/cm2 for Ru-C3N4,24 and 0.462 mA/cm2 for Ru-C3N4/rGO. The 

Ru-C3N4/rGO performance is about 80% that of Pt/C (J0 = 0.576 mA/cm2), but roughly 

6 times that of Ru-C3N4, 13 times that of C3N4/rGO, and 103 times that of C3N4. In fact, 

the Ru-C3N4/rGO showed a cathodic current density of 35.83 mA/cm2 which was 14.6 

times that of C3N4/rGO (2.45 mA/cm2) and 227 times of C3N4 (0.158 mA/cm2) at the 

overpotential of -150 mV.  
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Figure 6.3. (a) Polarization curves of HER on various electrocatalysts in 0.5 
M H2SO4. (b) Corresponding Tafel plots derived from panel (a). (c) 
Comparison of the HER performance of the electrocatalysts in this work to 
other carbon-based catalysts in the literature (details in Table 6.2). (d) 
Nyquist plots at the overpotential of -100 mV. Inset is the equivalent circuit 
of the electrocatalyst-coated electrode, where Rs is uncompensated resistance, 
Rct is charge transfer resistance, and CPE is constant-phase element 
(equivalent to Cdl). 

Table 6.2. The HER electrocatalytic performance of the proposed C3N4-
rGO-Ru complexes with the reported carbon-based electrocatalysts. 

Catalyst h10 
(mV) 

Tafel slope 
(mV/dec) 

J0 
(µA/cm2) 

Loading 
(mg/cm2) 

Cdl 
(mF/cm2) 

Ref 

C3N4-
rGO-Ru 

-80 56 462 0.153 27.8 
This 
work 

BCN -70 100 51 0.943 0.108 19 
PCN/NG -80 49.1 430 0.57 N/A 42 

S,N-C -116 68 N/A 0.285 27.4 43 
Co-C-N -138 55 N/A N/A 400 44 
C3N4-Ru -140 57 72 0.153 18.4 24 
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N-P-C -163 89 160 0.159 N/A 45 
C3N4-nrG -207 54 39.8 0.143 N/A 46 
C3N4@G -219 53 49 0.142 10.6 23 

p-
WMCNT 

-220 71.3 16 0.36 N/A 47 

NENU -237 96 36 N/A N/A 48 
C3N4-NG -240 51.5 0.35 0.1 5.0 49 
NS-500 -276 81 8.4 N/A N/A 50 
C3N4-Cu -390 76 N/A 0.28 N/A 51 
p-N,P-G -420 91 0.24 0.204 10.6 52 

Additionally, the Ru-C3N4/rGO nanocomposite exhibited excellent durability. 

There was almost no change of the voltammetric profiles after 5,000 cycles of potential 

scanning and chronoamperometric measurements for up to 9 h. Furthermore, the 

corresponding Tafel slope can be estimated to be 125 mV/dec for C3N4, 82 mV/dec for 

C3N4/rGO, 57 mV/dec for Ru-C3N4,24 and 55 mV/dec for Ru-C3N4/rGO — the latter is, 

again, very comparable to that (32 mV/dec) of Pt/C. This suggests that hydrogen 

evolution catalyzed by Ru-C3N4/rGO likely followed a mechanism similar to that by 

Pt/C with the Volmer-Heyrovsky reaction being the rate-determining step.53 

Remarkably, the HER performance of C3N4-rGO-Ru is drastically better than many 

other recent results reported carbon-based catalysts (Figure 6.3c and Table 6.2) 
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Figure 6.4. The representative Nyquist plots of Ru-C3N4/rGO complexes at 
varieties of overpotentials. The electron transfer resistances are 46.4, 19.7, 
9.1 and 5.0 Ω at -50, -100, -150 and -200 mV overpotentials, respectively. 

Electrochemical impedance measurements were then carried out to evaluate the 

corresponding charge-transfer resistance (Rct). Figure 6.4 depicts the Nyquist plots of 

Ru-C3N4/rGO at various overpotentials, from which Rct was quantified by fitting the 

data to the Randle’s equivalent circuit (inset to Figure 6.3d) and found to decrease 

significantly with increasing overpotentials, 46.4 Ω at -50 mV, 19.7 Ω at -100 mV, 9.1 

Ω at -150 mV and 5.0 Ω at -200 mV. Figure 6.3d compares the Nyquist plots of the 

various samples at the same overpotential of -100 mV, where Rct was estimated to be 

1,366 Ω for C3N4, 157 Ω for C3N4/rGO, 88 Ω for Ru-C3N4,24 and 20 Ω for Ru-

C3N4/rGO. Therefore, the poor HER performance of C3N4 may be ascribed to its 

semiconducting nature and sluggish electron-transfer kinetics. However, the 

incorporation with rGO greatly facilitates the electron-transfer reaction with Rct 
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markedly reduced by over an order of magnitude. Further enhancement can be observed 

when ruthenium metal ions were embedded into the nanocomposites where Rct was 

approximately 70 times smaller.  

 In the previous study with Ru-C3N4,24 we observed that the incorporation of 

ruthenium metal ions into the C3N4 scaffold by Ru-N coordination bonds led to electron 

redistribution within the composites, which facilitated the adsorption of hydrogen and 

proton reduction to hydrogen. This formation of an increasing number of HER active 

sites can be evidenced in the corresponding effective electrochemical surface area, as 

reflected by the electrode double-layer capacitance (Cdl). Figure 6.5a shows the 

voltammograms of Ru-C3N4/rGO (data for C3N4 and C3N4/rGO are not shown, and 

those for Ru-C3N4 in our previous study24) at the scan rates of 10-60 mV/s within the 

potential range of +0.1 to +0.2 V where no faradaic reaction occurred. As shown in 

Figure 6.5b, Cdl was estimated to be 27.8 mF/cm2 for Ru-C3N4/rGO, over 7 times that 

of C3N4 (3.9 mF/cm2), 3 times that of C3N4/rGO (8.4 mF/cm2), and 1.5 times that of 

Ru-C3N4 (18.4 mF/cm2).24 This dramatic enhancement of the effective electrochemical 

surface area might be ascribed to the enhanced electrical conductivity of the composite 

with the incorporation of rGO and Ru centers into C3N4. Indeed, from the Nyquist plots 

(Figure 6.5c), the uncompensated resistance Rs was estimated to be 35.4 Ω for C3N4, 

and markedly reduced to 10.0 Ω when rGO was incorporated to form C3N4/rGO, and 
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further to 7.9 Ω in Ru-C3N4/rGO where ruthenium metal ions were embedded. To 

unravel further insights into the HER performance, a Mott-Schottky analysis was 

performed. From Figure 6.5d, it can be clearly seen that all samples exhibited a positive 

slope, indicating n-type semiconducting nature of the C3N4-based materials.39 

Additionally, the flat-band potential (Efb) of C3N4 was estimated to be -1.35 V (vs. 

Ag/AgCl), but shifted anodically to ca. -0.95 V for the other two. Thermodynamically, 

Efb of an n-type semiconductor determines the conduction band position, and the 

positive shift of the conduction band suggests narrowing of the energy barrier of 

hydrogen evolution (H+/H2 -0.59 V vs. Ag/AgCl in 0.1 M Na2SO4), leading to 

enhanced electrocatalytic performance of the material.54 Furthermore, the charge 

carrier densities (Nd) of the catalysts can be calculated by the following equation, 𝑁+ =

9
@__`a

, where e is the elementary charge of an electron, ε is the dielectric constant (≈ 10 

in the present study)55, ε0 is permittivity in vacuum (8.85 × 10-12 F/m), and m is the 

slope of the Mott-Schottky plot. From Figure 6.4d, the charge carrier densities were 

estimated to be 3.67 × 1015 cm-3 for C3N4, That is, the charge carrier density of Ru-

C3N4/rGO is about 250 times of that C3N4 and 6 times of that C3N4/rGO. This 

observation is consistent with results from impedance and voltammetric measurements.  
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Figure 6.5. (a) Cyclic voltammograms within the range of +0.1 V to +0.2 V 
where no faradaic reaction occurred at different scan rates. (b) Variation of 
the double-layer charging currents at +0.15 V versus scan rate. (c) Nyquist 
plots of electrocatalysts without carbon black collected in 0.5 M H2SO4 at the 
overpotential of -100 mV. Inset is the full plot of C3N4. (d) Mott-Schottky 
plots of the various electrocatalysts collected in 0.1 M Na2SO4 at the 
frequency of 1000 Hz, where the potential is referred to a Ag/AgCl reference 
electrode. 

6.5 Conclusion 

In summary, a new functional nanocomposite was prepared by embedding 

ruthenium metal ions into the C3N4/rGO composites where the ruthenium centers were 

bonded to the pyridinic nitrogen of the carbon nitride scaffold. The resulting Ru-

C3N4/rGO nanocomposites exhibited markedly enhanced electrocatalytic activity 

towards HER, with a low η10 of only -80 mV, a Tafel slope of 55 mV/dec, and an 
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exchange current density 0.462 mA/cm2. This performance is markedly better than 

those of C3N4, C3N4/rGO, and Ru-C3N4. In fact, it is even superior to results reported 

in recent literatures with relevant catalysts, and very comparable to that of commercial 

Pt/C. The remarkable performance was accounted for by electron redistribution upon 

the incorporation of ruthenium ions into the C3N4/rGO composites, which led to 

efficient narrowing of the material bandgap, enhanced electric conductivity and charge 

carrier density, increasing number of active sites and reduced charge-transfer resistance. 

Such synergistic interactions among the structural components (C3N4, rGO, and Ru 

ions) highlight an effective strategy in the rational design and engineering of functional 

composites in the development of high-performance HER electrocatalysts. 
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Chapter 7 

 

Black Phosphorus-Supported Metal Nanoparticles for the Electrocatalytic 

Reduction of Oxygen: Impacts of Interfacial Charge Transfer 

 

Reproduced with the permission from (Yi Peng, Bingzhang Lu, Nan Wang, Jia En Lu, 

Yuan Ping, Chunhong Li, Shaowei Chen, “Black Phosphorus-Supported Metal 

Nanoparticles for the Electrocatalytic Reduction of Oxygen: Impacts of Interfacial 

Charge Transfer”), ACS Energy Letter. in submission.
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7.1 Abstract 

Development of effective catalysts for oxygen reduction reaction (ORR) plays a 

critical role in the applications of fuel cells and metal-air batteries. In this study, thin-

layered black phosphorus (TLBP) was used as a unique supporting substrate for the 

deposition of metal nanoparticles (MNPs, M = Pt, Ag, Au), and the resulting M-TLBP 

nanocomposites were found to exhibit apparent ORR activity that was readily 

manipulated by interfacial charge transfer from TLBP to MNPs. This was confirmed 

by results from X-ray photoelectron spectroscopic measurements and density 

functional theory calculations. In comparison to the carbon-supported counterparts, 

Ag-TLBP and Au-TLBP showed enhanced ORR performance, while a diminished 

performance was observed with Pt-TLBP. This was consistent with the predictions 

from the “volcano plot”. Results from this study suggest that black phosphorus can 

serve as a unique addition in the toolbox of manipulating electronic properties of 

supported metal nanoparticles and their electrocatalytic activity 

7.2 Introduction 

Oxygen reduction reaction (ORR) is a critical process in a variety of 

electrochemical energy technologies, such as polymer electrolyte membrane fuel cells 
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and metal-air batteries, where the device performance is largely dictated by the sluggish 

electron-transfer kinetics of ORR.1-3 Thus, design and engineering of effective catalysts 

that facilitate oxygen reduction is of both fundamental and technological significance.4-

5 Towards this end, mechanistic manipulation of the electronic  interaction between 

oxygen intermediates and the catalyst surface represents a critical first step. In the well-

known “volcano plot”, it is found that the ORR activity of a range of transition metal 

surfaces can be correlated with the corresponding oxygen adsorption energy.6-9 Based 

on this theory, for metals that bind to oxygen species too strongly (e.g., Pt, Pd, Cu), the 

ORR activity is not optimal because the reduction products become difficult to desorb; 

whereas for the metals that bind to oxygen too weakly (e.g., Au, Ag), the ORR activity 

is compromised because the reactant cannot be stably adsorbed onto the catalytic active 

sites. Platinum happens to exhibit a not too strong or too weak binding to oxygen 

(though on the slightly strong side), and exhibits the best ORR activity among the series. 

Thus, manipulation of the metal electronic properties and hence the interaction with 

oxygen species has become an effective strategy to regulate the ORR activity. This can 

be achieved by a number of approaches, such as alloying with (non)noble metals, 

surface functionalization with select organic ligands, and deposition of metal 

nanoparticles on functional substrate supports.10-16  Mechanistically, the intimate 

contact between the active metals and other metals/molecules/substrates leads to charge 
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redistributions, due to effective interfacial charge transfer. For instance, according to 

the “volcano plot”, to further enhance the ORR activity of Pt, the oxygen binding 

energy needs to be reduced by 0.1-0.2 eV, whereas for Ag and Au, an enhanced 

interaction with oxygen species is anticipated to lead to improved ORR activity.6-9 

Experimentally we have indeed observed that by functionalizing platinum 

nanoparticles with electron-withdrawing ligands or depositing the nanoparticles onto 

defective graphene quantum dots (GQD), the Pt ORR activity can be enhanced rather 

significantly due to charge transfer to the ligands/GQD defects.17-20 In the present study, 

we demonstrate that black phosphorus (BP) can serve as another effective substrate 

where the unique electronic properties can be exploited for the manipulation of 

nanoparticle ORR activity. It should be noted that this has remained largely unexplored 

thus far. 

BP is a unique allotrope of phosphorus, featuring a lattice structure where six-

membered rings of P are interlinked with each P bonded to three others. Chemical and 

mechanical exfoliation can lead to the production of 2D nanosheets, which differ from 

the graphene counterparts in that the P atoms in BP nanosheets are not p-conjugated 

and thus not coplanar. In such a corrugated structure, the lone-pair electrons of P 

extrude from the 2D surface, and hence may be involved in effective interfacial charge 
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transfer with nanoparticles deposited on BP surface, due to high carrier mobility and 

high Fermi level.21-22 For instance, it has recently been reported that by depositing 

MoS2 or Ni2P onto BP nanosheets, the electrocatalytic activity towards hydrogen 

evolution reaction was enhanced markedly, which was ascribed to charge transfer from 

BP to MoS2 or Ni2P that facilitated hydrogen binding to the active sites.23-24 Similar 

electronic manipulation has also been observed in ethanol oxidation electrocatalysts, 

and photocatalysts, where the BP was used as a co-catalyst in the hybrid structure.25-29 

Nevertheless, thus far, there has been no report of BP applications in ORR 

electrocatalysis. Herein, Pt, Ag, or Au were selected as the illustrating examples, where 

their nanoparticles were formed and deposited onto thin-layered BP (M-TLBP, M = Pt, 

Ag or Au), and the impacts of BP on the ORR activity of the metal nanoparticles were 

examined and compared to that with the carbon-supported counterparts (M-CB). 

7.3 Experimental Section 

Chemicals. Tin powders (99.999%, Alfa Aesar), iodine (99.5%, Alfa Aesar), gold 

(99.999%, GRINM), red phosphorus (99.999+%, Chempur), platinum(IV) chloride 

(PtCl4, 57.0%−58.5% Pt, ACROS), tetrachloroauric acid (HAuCl4·4H2O, 99.9%, 

Sigma Aldrich), silver nitrate (AgNO3, 99%, Fisher Scientific), and sodium 

borohydride (NaBH4, 99%, ACROS) were used as received. Solvents were purchased 
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at the highest purity available from typical commercial sources and also used without 

any further treatment. Water was deionized with a Barnstead Nanopure Water System 

(18.3 MW cm). 

Synthesis of Black Phosphorus. Black phosphorous (BP) crystals were prepared 

by adopting a literature method with some modifications.30-31 In brief, SnI4 was first 

prepared by refluxing 1.2 g of tin powers and 4.0 g of iodine in 25 mL of toluene until 

the dissolved violet iodine disappeared and then the hot solution were separated from 

excess tin and recrystallized at room temperature to obtain the products. Separately, 

AuSn was prepared by melting an equal molar amount of gold and tin in a sealed 

evacuated silica ampoule. 364 mg of the produced AuSn, along with 500 mg of red 

phosphorus, was then transferred to a silica ampoule (inner diameter 10 mm and length 

10 cm), into which was added 10 mg of SnI4. The ampoule was evacuated to a pressure 

below 10-3 mbar. The sealed ampoule was placed in a muffle furnace, with the 

temperature raised to 400 ℃ within 4 h, and heated at this temperature for another 2 h. 

The temperature was then raised to 600 ℃ within 2 h and kept for 23 h. Afterwards a 

programmed cool down process was applied, and the temperature was reduced to 500 ℃ 

at the cooling rate of 40 ℃/h and kept at 500 ℃ for 2 h. Finally, the muffle furnace was 

cooled down to room temperature in 4 h. The single-crystalline BP was collected 

directly for later use. To obtain thin-layered black phosphorus (TLBP), 50 mg of the 
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as-prepared BP was first ground for 30 min and then dispersed in 50 mL of N-methyl-

2-pyrrolidone (NMP), followed by sonication overnight. The dispersion was diluted to 

500 mL by NMP and refluxed at 140 °C for 6 h under a N2 atmosphere. The resulting 

dispersion contained 0.1 mg/mL TLBP in NMP.  

Synthesis of BP-supported metal (Ag, Pt, Au) nanoparticles. 1 mL of an 

aqueous solution of PtCl4 (20 mg/mL), HAuCl4·4H2O (12.2 mg/mL), or AgNO3 (30 

mg/mL) was added into 50 mL of NMP containing 5 mg of TLBP under vigorous 

stirring. The first two solutions were kept at room temperature, while the last one 

(containing AgNO3) were kept in an ice bath for about 30 min. Then 0.5, 0.3 and 0.7 

mL of freshly prepared, aqueous NaBH4 solution (100 mg/mL, ice cold) was added into 

the above three solutions. The colors of the dispersions became dark brown, dark red 

and dark yellow, respectively, from light brown in about 20 min. The reaction was run 

overnight, before the products were collected by centrifugation, rinsed with a mixture 

of 3:1 (v/v) ethanol/water, and dried in a vacuum oven at 60 °C. The purified products 

were denoted as M-TLBP (M = Pt, Au, and Ag). As control samples, Pt, Au, and Ag 

nanoparticles were also synthesized in the same fashion except that TLBP was replaced 

by a desired amount of carbon black. The resulting samples were referred to as M-CB. 

Characterizations. UV-vis spectra were collected with a Perkin Elmer Lambda 

35 UV-vis spectrometer. Transmission electron microscopic (TEM) measurements 
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were performed with a JEOL JEM 2100F microscope. XPS measurements were carried 

out with a PHI 5400/XPS instrument equipped with an Al Kα source operated at 350 W 

and 10−9 Torr. AFM topographic measurements were carried out with a Molecular 

Imaging PicoLE SPM Instrument under ambient condition.  

DFT calculation. First principles computations were carried out with an open 

source planewave code Quantum ESPRESSO.32 A two-dimensional black phosphors 

matrix supercell was built on a 4 × 3 unit cell with 48 atoms. The vacuum was set as 

14 Å to avoid periodic image interactions. The ultrasoft pseudopotential33 was adopted 

with kinetics and charge density cutoff at 40 and 240 Ry respectively. A 5 × 5 × 1 

Monkhorst-Pack K-point grid was sampled for the supercell. The total energy was 

converged to the accuracy of 1 meV per atom. The Marzari Vanderbilt smearing34 was 

adopted with the smearing parameter at 0.005 Ry for the calculations with metal cluster. 

The electronic energy was converged to 10-8 Ry and the total force was converged to 

10-4 a.u. Spin polarized calculations were considered for all systems. The Van Der 

Waals correction was applied for the images with Grimme’s D2 scheme.35-36 

Electrochemistry. Electrochemical measurements were performed on a CHI 

710C workstation in a three-electrode system in 0.1 M KOH aqueous solution. A 

graphite rod and a Ag/AgCl (1 M KCl) electrode were used as the counter electrode 

and reference electrode, respectively. The reference electrode was calibrated against a 
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reversible hydrogen electrode (RHE), and all potentials were referred to this RHE in 

the present study. To prepare the catalyst inks, a calculated amount of the M-TLBP or 

M-CB catalysts prepared above and carbon black were mixed together, at the metal to 

carbon black mass ratio of 3:7. The metal concentration was then adjusted to 1 mg/mL 

by using a mixture of water and isopropanol (v/v 1:3) containing 1% Nafion as the 

solvent. The mixture was sonicated for at least 30 min to obtain a homogeneously 

dispersed catalyst ink. Then, 10 µL of the catalyst inks containing Pt nanoparticles or 

20 µL for the inks containing Ag or Au nanoparticles was dropcast onto a clean glassy 

carbon electrode (0.246 cm2 geometric area), followed by the addition of 5 µL 20% 

Nafion. The corresponding metal loading was 40 µg Pt/cm2, 80 µg Ag/cm2, and 80 µg 

Au/cm2, respectively. The electrode was dried in ambient before being immersed into 

an electrolyte solution for electrochemical measurements.  

Prior to ORR measurements, the electrochemical surface area (ECSA) of the 

catalysts was estimated by collecting the voltammograms in N2-saturated 0.1 M KOH. 

For Pt, the ECSA was calculated by the hydrogen adsorption/desorption within the 

potential range of 0.1 to 0.45 V. For Ag or Au, the ECSA was estimated by the 

silver/gold oxide reduction peak centered at ca. 1.05 V.37-39 The corresponding ECSA 

was calculated to be 55.0 cm2/mg for Pt-CB, 45.0 cm2/mg for Pt-TLBP, 42.4 cm2/mg 
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for Ag-CB, 53.0 cm2/mg for Ag-TLBP, 10.4 cm2/mg for Au-CB, and 12.8 cm2/mg for 

Au-TLBP.  

The RRDE voltammograms were collected in an O2-saturated 0.1 M KOH 

electrolyte at the potential scan rate of 10 mV/s and rotation rate of 400, 900, 1600 and 

2500 rpm. The electron-transfer number (n) and hydrogen peroxide yield (H2O2%) 

were estimated by the equations, 𝑛 = cd
cdR

ef
g

, and 𝐻K𝑂K% =
ef
g

cdR
ef
g

, where jd, jr and N 

are disk current density, ring current density and collection efficiency (0.4), respectively. 

Tafel plots were derived from the RDE plots using the following equation, 𝑗6 =
cdcl
clGcd

, 

where jk, jd and jl are the kinetic current density, disk current density and limited current 

density, respectively. 

7.4 Results and Discussion 

BP was synthesized by adopting a procedure reported previously in the literature,30 

exfoliated to TLBP with an average thickness of ca. 4 layers (Figure 7.1a-b), and used 

as supporting substrates to prepare the series of M-TLBP samples. Note the as-prepared 

TLBP need to be stored carefully because it’s not stable under ambient conditions due 

to the reactive lone pair electrons. While for the M-TLBP, it becomes stable because of 

the charge transfer between TLBP and metal nanoparticles and thus could be used as 

catalyst for lot of photo(electro)-catalytic reactions without an apparent stability 
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problems.23-24, 29, 40 The samples were first characterized by UV-vis spectroscopic 

measurements. From Figure 7.1c, one can see that TLBP exhibited a characteristic 

absorption peak at about 325 nm, consistent with results from previous studies.41-42 

When the metal nanoparticles were deposited onto TLBP, the absorption profile 

remained largely unchanged for Pt-TLBP, but additional characteristic peaks emerged 

at 406 nm for Ag-TLBP and 544 nm for Au-TLBP, due to their surface plasma 

resonance absorption.43-44 

 

Figure 7.1. (a) Representative AFM topography of a TLBP. (b) Height 
profile of the line scan in panel (a). Note that a single BP layer is ca. 0.6 nm 
in thickness. Thus, the heights of ca. 1.8 nm, 2.5 nm and 3.1 nm observed in 
panel (b) correspond to 3, 4 and 5 layers of BP, respectively. Inset to panel 
(a) is the histogram of the number of BP layers in TLBP, based on statistical 
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analysis of about 50 TLBPs. (c) UV-vis spectra of TLBP and M-TLBP (M = 
Pt, Ag, and Au) in NMP. 

The morphologies of the M-TLBP samples were then studied by transmission 

electron microscopic (TEM) measurements. From Figure 7.2a,e,i, one can see that in 

the M-TLBP samples, the metal nanoparticles were distributed rather evenly on the 

TLBP surface without apparent agglomeration. In high-resolution TEM measurements 

(Figure 7.2b,f,j), the nanoparticles all exhibited clearly-defined lattice fringes with an 

interplanar spacing of 0.22 nm for Pt-TLBP, and 0.24 nm for both Ag-TLBP and Au-

TLBP, consistent with the Pt(111), Ag(111) and Au(111) crystal planes, respectively.45-

47 Additionally, the low-contrast background exhibited a larger lattice spacing of 0.26 

nm that can be assigned to the (004) planes of BP.48-49 This indicates that the metal 

nanoparticles were indeed deposited on the TLBP surface. The corresponding 

nanoparticle core size histograms are depicted in Figure 7.2d,h,l, with an average core 

diameter of 1.55 ± 0.29 nm for Pt-TLBP, 25 ± 7 nm for Ag-TLBP, and 8.1 ± 1.7 nm for 

Au-TLBP. For comparison, when the nanoparticles were prepared in the presence of 

carbon black (Figure 7.2c,g,k) instead of TLBP, the size of the corresponding 

nanoparticles remained rather close to those in M-TLBP, 1.81 ± 0.32 nm for Pt-CB, 18 

± 5 nm for Ag-CB, and 16.4 ± 3.8 nm for Au-CB (Figure 7.2d,h,l).  
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Figure 7.2. Representative TEM images of (a,b) Pt-TLBP, (c) Pt-CB, (e,f) 
Ag-TLBP, (g) Ag-CB, (i,j) Au-TLBP, and (k) Au-CB. The corresponding 
core size histograms are shown in (d) for Pt, (h) for Ag and (l) for Au 
nanoparticles in the M-TLBP (red) and M-CB (black) series. 

The elemental composition and valence states of the samples were then examined 

by XPS measurements. Figure 7.3a depicts the XPS spectra of the Pt 4f electrons in Pt-

TLBP (top) and Pt-CB (bottom). For the Pt-CB sample, deconvolution yields two pairs 

of peaks at 72.02/75.37 eV and 73.81/77.16 eV. The former can be assigned to metallic 

Pt0, while the latter can be contributed to Pt2+.50 Pt-TLBP also exhibited two pairs of 

peaks, but the binding energies red-shifted slightly. For instance, the Pt0 4f7/2 was 

identified at 71.49 eV, ca. 0.53 eV lower than that of Pt-CB. Similarly, the Au0 4f7/2 
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peak of Au-TLBP red-shifted to 84.04 eV from 84.16 eV for Au-CB (Figure 7.3b).51 

Different from Pt and Au, the peak position of Ag 3d5/2 actually blue-shifted from 

386.31 eV for Ag-CB to 386.46 eV for Ag-TLBP (Figure 7.3c). It should be noted that 

for Ag, a higher binding energy corresponds to a richer electron density.52-53 This 

suggests that in the M-TLBP samples, charge transfer occurred from TLBP to the metal 

nanoparticles, in comparison to the M-CB counterparts. Consistent results can be 

obtained in XPS measurements of the P 2p electrons. From Figure 7.3d, TLBP alone 

can be seen to display a pair of peaks at 129.66/139.56 eV, which can be assigned to P0 

2p3/2/2p1/2 (a minor one at 133.13 eV likely due to oxidized P).54-55 These binding 

energies all showed an apparent increase in the M-TLBP samples. For instance, the P0 

2p3/2 peaks shifted to 129.95, 129.92 and 129.91 eV for Pt-TLBP, Ag-TLBP and Au-

TLBP, respectively. Again, this is consistent with electron transfer from TLBP to the 

metal nanoparticles, due to the relatively high Fermi level of BP, as compared to those 

of the metals (Figure 7.3b inset) ).56-57  
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Figure 7.3. High resolution XPS profiles of (a) Pt 4f, (b) Au 4f, (c) Ag 3d, 
and (d) P 2p electrons in M-TLBP and M-CB. Black curves are experimental 
data and colored curves are deconvolution fits. The shadowed ones are 
highlighted for comparison. Inset to panel (b) is a schematic diagram of 
charge transfer from TLBP to MNPs.  

Consistent results were obtained in DFT calculations. Based on the structural 

models, one can see from Figure 7.4 that interfacial charge transfer did occur from BP 

to metals, with 0.23, 0.12, and 0.02 electron gained per metal atom of Pt, Au and Ag, 

respectively. Note that this trend is consistent with the change of metal binding energy 
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in XPS measurements, which is 0.53, 0.21 and 0.15 eV for Pt, Au and Ag, respectively, 

as compared to the carbon-supported counterparts (Figure 7.3).  

 
Figure 7.4. DFT calculations of charge transfer from BP to supported metal 
nanoparticles: (top) front view, and (bottom) top view. (a-b) Pt-BP; (c-d) Au-
BP; (e-f) Ag-BP. The cyan area indicates electron loss and the yellow area 
indicates electron gain. The isosurface value is 0.003 e/au3. 

The electrocatalytic activity of the obtained samples towards ORR was then 

examined by electrochemical measurements. Figure 7.5a depicts the rotating ring-disk 

electrode (RRDE) voltammograms of Pt-TLBP and Pt-CB in oxygen-saturated 0.1 M 

KOH. The onset potential (Eonest, defined as the electrode potential at j = 0.1 mA/cm2) 

of the Pt-TLBP sample was estimated to be +0.970 V vs RHE, about 21 mV more 

negative than that of Pt-CB (+0.991 V), and the half-wave potential (E1/2) of Pt-TLBP 

was found at +0.747 V, 47 mV more negative than that (+0.794 V) of Pt-CB. The 

number of electron transfer (n) and hydrogen peroxide yield (H2O2%) were then 
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derived from the RRDE profiles. From Figure 7.5b, it can be seen that Pt-CB exhibited 

somewhat higher n values and lower H2O2% yield than Pt-TLBP. For instance, the 

n/H2O2% values at +0.7 V were 3.99/0.47% for Pt-CB and 3.93/3.59% for Pt-TLBP. In 

addition, the Tafel plots (Figure 7.5c) showed that kinetic current density of Pt-CB was 

markedly higher than that of Pt-TLBP within a rather wide range of electrode potential. 

These observations suggest that Pt-CB actually outperformed Pt-TLBP towards ORR. 

This can be accounted for by charge transfer from BP to Pt that strengthened the 

interaction with oxygen species and hence diminished the ORR activity.  

By contrast, markedly enhanced ORR performance was observed with Ag-TLBP 

and Au-TLBP, as compared to Ag-CB and Au-CB. For instance, from Figure 7.5d, one 

can see that the Eonset’s of Ag-TLBP and Ag-CB were +0.870 V and +0.851 V, and E1/2’s 

were +0.694 V and +0.648 V, respectively. For Au-TLBP, the Eonset (+0.929 V) was 48 

mV higher and E1/2 68 mV higher than those of Au-CB (Figure 7.5g). In addition, Ag-

TLBP (Figure 7.5e) and Au-TLBP (Figure 7.5h) also showed higher n and lower H2O2% 

yields than Ag-CB and Au-CB, respectively. Consistent behaviors were observed in the 

respective Tafel plots (Figure 7.5f,i), where the kinetic current density of the TLBP-

supported samples was markedly higher than those with CB support. These suggest that 

for Ag and Au, electron transfer from TLBP to the metal nanoparticles actually 

enhanced the ORR performance, likely due to strengthened binding of oxygen species. 
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Figure 7.5. ORR performance of M-TLBP and M-CB in 0.1 M KOH. RRDE 
voltammograms of (a) Pt-TLBP and Pt-CB, (d) Ag-TLBP and Ag-CB, and 
(g) Au-TLBP and Au-CB at the rotation rate of 1600 rpm with the ring 
potential set at +1.5 V vs. RHE. (b, e, h) The corresponding electron transfer 
number (n, solid) and hydrogen peroxide yield (H2O2%, open), and (c, f, i) 
the Tafel plots. 

From Figure 7.6a, one can see that in comparison to M-CB, the mass activity at 

the potential of +0.8 V can be seen to increase by 99% for Ag-TLBP and 164% for Au-

TLBP, but decreased by 50% for Pt-TLBP (the trend was the same for the specific 

activity). Similarly, the E1/2 of Ag-TLBP and Au-TLBP shifted positively by 46 mV and 

90 mV, respectively, while Pt-TLBP shifted negatively by 47 mV, compared to the 

respective M-CB counterpart (Figure 7.6b). These can all be ascribed to interfacial 
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charge transfer from TLBP to the supported metal nanoparticles that has been 

quantified by XPS measurements and DFT calculations (Figure 7.6c,d). Such a 

correlation between the ORR performance and electronic property can be understood 

within the “volcano plot” framework. As shown in Figure 7.6e, an increased electron 

density of Pt pushes the ORR activity further downhill, as the binding to oxygen species 

became too strong; whereas for Au and Ag, increasing electron density pushes the ORR 

activity uphill due to enhanced binding to the oxygen intermediates.58-61  
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Figure 7.6. Comparative summary of ORR performance between M-TLBP 
and M-CB (or TLMP). Changes of (a) kinetic current density (Jk) at +0.8 V, 
(b) half-wave potential (E1/2), and (c) binding energy (DBE) of the Pt 4f7/2, 
Au 4f7/2 and Ag 3d5/2 electrons between M-TLBP and M-CB, and P 2p3/2 
electrons between M-TLBP and TLBP. (d) Number of electrons gained per 
metal atom from TLBP. (e) Schematic illustration of the effects of BP on the 
metal ORR performance within the “volcano plot” framework (note the axes 
are not in scale) 
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7.5 Conclusion 

In conclusion, the results show that BP can serve as a unique supporting substrate 

for metal nanoparticles, where effective interfacial charge transfer from BP to the 

supported metals can be exploited as a powerful variable to manipulate the electronic 

interactions with reaction intermediates and hence the electrocatalytic activity towards 

ORR. Such a behavior is consistent with the “volcano plot” framework. It is envisaged 

that the fundamental insights can therefore be extended to the design and engineering 

of metal catalysts for other important electrocatalytic reactions in fuel cell 

electrochemistry. 
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