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Abstract 

    Developing renewable energy conversion and storage systems, such as water splitting 

for hydrogen production and CO2 reduction for hydrocarbon generation, as well as using 

fuel cells for chemical fuel-to-electricity conversion, are essential technologies for 

addressing the current global energy crisis and environmental issues. The development of 

controllable synthesis techniques is critical to realizing heterogeneous catalysts with high 

density of surface active sites for efficient solar fuel generation.  

We focused on colloidal synthesis of various metal phosphides nanocrystals with high 

monodispersity and a well-defined surface, such as CoPx, AgP2, PtP2, and Cu3P NCs. The 

catalytic activities were evaluated by the electrochemical reactions in H2O/CO2 reduction 

and fuel cells. Essential to this work was the complementary pairing of electrochemistry 

with density functional theory (DFT) calculation with experimental operando 

spectroscopies (e.g. ATR-FTIR and XAFS). These methods revealed  the dynamic 

evolution of valence oxidation state and coordination environmental for the metal active 

site and the key roles of phosphorus in regulating charge distribution. In other words, 

pairing multiple techniques to reveal the intrinsic structure-activity relationship.       

 In order to use solar energy to drive the chemical fuels generation, the developed 

electrocatalysts were further coupled with semiconductors to construct hybrid 

photocathodes. Atomic layer deposition (ALD) was employed to deposit a multicomponent 

ultrathin oxide layer (e.g. Al2O3, TiO2, Al-ZnO) to passivate the surface defects of 

semiconductor and prevent the direct chemical corrosion due to the electrolyte. The 

interfacial charge transport properties and reaction kinetics were studied by 

photoelectrochemical impedance spectroscopy (PEIS), time-resolved photoluminescence 

(TRPL) techniques, and operando transient absorption spectroscopy.
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1 INTRODUCTION  

1.1 General background  

        Global energy demand is increasing rapidly because of population growth and 

economic development. Power consumption is estimated to increase to 30 TW by 2050. 

Fossil fuels, which currently provide about 85% of our energy supply, will lead to an 

imbalance in the carbon cycle resulting in excess amount of carbon in the atmosphere in 

the form of greenhouse gases such us CO2 and methane (CH4). Thus, the search for 

sustainable energy resources and the conversion routes are becoming increasingly 

important to reduce our dependence on fossil fuels and mitigate environmental concerns. 

Of the various renewable energy sources, solar energy is the only source that has the 

potential to meet all of our energy demands.[1,2] Although there has been a rapid 

development of photovoltaics for electricity generation, the absence of cost-effective 

electrical storage and transportation methods limit the percentage of energy demand that 

solar electricity can meet, and it is not clear if solar (without efficient storage) can ever be 

a primary energy source for our society. By contrast, the conversion of solar energy into 

chemical fuels (hydrogen and hydrocarbons) appears to be a much more attractive route 

due to the advantages of high energy storage density and ease of transportation.[3] This can 

be done by two methods. First, existing photovoltaic technology can convert light to 

electrical energy, and this is coupled to an electrochemical cell. Inspired by natural 

photosynthesis, solar-to-chemical fuels can be accomplished by a photoelectrochemicalcell, 

which typically contain semiconductors as light absorber and catalysts for corresponding 

reactions, such as hydrogen production and CO2 reduction for hydrocarbons generation.[4-
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8] However, to enable practical PEC solar fuel production, low-cost, robust, and high-

performance semiconductor and catalyst materials are simultaneously needed. 

1.2 Heterogeneous electrocatalysis 

    Developing efficient and cost-effective heterogeneous eletrocatalysts with high stability 

is not only an essential component in artificial photosynthesis, where the catalyst 

accelerates the reaction rate, but heterogeneous electrocatalysts also play a key role in fuel 

cells and metal-air batteries.[9-12] The current challenges for the fundamental 

electrochemical reactions, such as hydrogen evolution reaction (HER), oxygen evolution 

reaction (OER), carbon dioxide reduction reaction (CRR), oxygen reduction reaction 

(ORR), and fuels oxidation reactions (methanol oxidation, formic acid oxidation, etc.), are 

largely due to the unsatisfactory intrinsic catalytic activity, limited stability, poor reaction 

selectivity, and relative high-cost of electrocatalyst materials.  

1.2.1 Hydrogen evolution reaction (HER) 

    A typical diagram of water electrolyzer is shown in Figure 1.1.[13] 

 

Figure 1.1 Schematic diagram of a water electrolyzer. Hydrogen and oxygen are generated on the 

cathode and anode surface, respectively. Adapted from reference 13 with permission of Royal 

Society of Chemistry.  
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A water electrolyzer is composed of three key components: an anode, a cathode, and an 

aqueous electrolyte. The hydrogen evolution reaction (HER) occurs on the cathode which 

is coated with hydrogen evolution catalyst. The detailed pathway for the HER is 

summarized in Table 1.1 under different pH environments.  

Table 1.1 Overall reaction pathways for HER at different electrolyte condition. 

Overall reaction (condition) Reaction pathway 

 

2H+ + 2e− → H2 

(acidic solution) 

H+ + e− + * → H* (Volmer) 

H+ + e− + H* → H2 (Heyrovsky) 

or 2H* → H2 (Tafel) 

 

2H2O + 2e− → H2 + 2OH− 

(neutral and alkaline solution) 

H2O + e− → H* + OH− 

H2O + e− + H* → H2 + OH− 

or  2H* → H2 (Tafel) 

The first step of HER is the adsorption of H on the electrode surface by combining an 

electron transferred from a conductive substrate and a proton from solution. However, this 

reaction in alkaline solution requires an additional initial step of water dissociation, which 

may reduce the reaction rate.[14] For the second step, two possible reaction pathways have 

been generally accepted. The Heyrovsky reaction, in which the adsorbed hydrogen atom 

combines with an electron and proton to form a hydrogen molecule, and the Tafel reaction, 

in which two adjacent adsorbed hydrogen atoms combine to form one hydrogen 

molecule.[15] 

    According to the Sabatier principle, the ideal electrocatalyst should have a neither too 

weak nor too strong Gibbs free energy for the reaction intermediate. For a desirable HER 

catalyst, its surface should have a nearly zero Gibbs free energy for H (ΔGH*), indicative 
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of the balance of sufficiently strong H* adsorption for the proton-coupled-electron-transfer 

process and yet also a weak enough bond to H* to allow detachment for H2 release. To 

confirm this hypothesis, Norskov et al. investigated the origins of HER activity on a series 

of metals, and introduced a “volcano plot” which demonstrates how ΔGH* is a good 

descriptor for comparing the kinetics of reversible H adsorption and desorption on catalysts 

(Figure 1.2).[16] For instance, noble metal Au and Ag located at the bottom-right of the 

volcano plot show low HER activity because of the weak bonding strength to hydrogen, 

while Mo and Nb located at the bottom-left of the volcano plot are poor HER catalysts due 

to the strong bonding strength to hydrogen which makes the reversible desorption of 

hydrogen difficult to realize. Nearly thermo-neutral platinum is situated at the top-center 

of the volcano plot and exhibits optimal absorption and desorption of hydrogen, and is 

considered the state-of-the-art HER catalyst so far. 

 

Figure 1.2 A volcano plot of experimentally measured exchange current density as a function of 

the DFT-calculated Gibbs free energy of adsorbed atomic hydrogen. Adapted from reference 16 

with permission of Electrochemical Society. 
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Experimentally there are several related figures of merit used to characterize the 

efficiency of the HER catalyst. The total HER activity of the electrode is generally 

estimated first by performing linear sweep voltammetry (LSV) or cyclic voltammetry 

(CV). The current densities are generally normalized to the geometric electrode area. To 

compare the HER activity between samples, it is standard to determine the onset potential 

and overpotential needed to achieve a current density of 10 mA/cm2 (j0) which is the current 

density expected for achieving 12.3% efficiency of solar water-splitting device. To further 

compare the intrinsic HER activity of different electrocatalysts, turnover frequency (TOF), 

which is defined as the number of reactants that a catalyst can convert to a desired product 

per active site per unit time, is adopted. However, it is difficult to precisely calculate the 

active site numbers for heterogeneous HER catalysts. Researchers typically estimate the 

TOF based on using the surface atoms of the materials (often measured by the 

electrochemistry methods), which leads to an underestimated value because not all the 

surface atoms are equally active and participate in the true reaction.  

Tafel slopes, indicating the potential necessary to increase or decrease the current 

density by a factor of 10, are usually used to understand the rate-determining reaction step 

and possible HER mechanism. If the Volmer reaction is fast, a slope of 29 mV/dec and 38 

mV/dec should be observed when the Tafel or the Heyrovsky reaction is the rate-limiting 

step for H2 release, respectively. If the Volmer reaction is rate-limiting step, the Tafel slope 

should be 116 mV/dec. In practice, experimental values often lie in the ranges between 

these values due to competing processes or other non-ideal factors. The exchange current 

density (j0), which is correlated to the rate of electron transfer under reversible conditions, 
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is another important kinetic parameter to evaluate the HER activity. The Tafel equation is 

commonly used to describe the current-potential relationship at a certain overpotential (η): 

                                               𝜂 = 𝑏log(𝑗/𝑗0)                                                         (1.1) 

where j is the current density, j0 is the exchange current density and b is the Tafel slope.  

    The stability of a HER catalyst is crucial for the practical application of water 

electrolysis, especially for the catalyst used in harsh electrolyte conditions (pH = 0 or 14). 

Measuring the current variation with time (I-t curve, I > 10 mA/cm2 and t > 10 h) and 

conducting the cycling experiment (cycle numbers > 1000) by using cyclic voltammetry  

(CV) or linear sweep voltammetry (LSV) are two typical methods to evaluate the stability 

of a material. 

1.2.2 Oxygen evolution reaction (OER) 

    The electrochemical oxygen evolution reaction (OER), is the other half-reaction in 

overall water splitting devices (Figure 1.1). The reaction pathways under different pH 

conditions are shown in Figure 1.3 and Table 1.2.[17] 

 

Figure 1.3 The OER mechanism for acid (blue line) and alkaline (red line) conditions. Adapted 

from reference 17 with permission of Royal Society of Chemistry. 
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Table 1.2 Overall reaction pathways for OER at different electrolyte condition. 

Overall reaction (condition) Reaction pathway 

 

2H2O → O2 + 4H+ + 4e− 

(acidic and neutral solution) 

          H2O + * → OH* + H+ + e− 

                OH* → O* + H+ + e− 

        O* + H2O → OOH* + H+ + e− 

               OOH* → O2* + H+ + e− 

 

 

                    O2* → O2 

 

4OH− → O2 + 2H2O + 2e− 

(alkaline solution) 

           OH− + * → OH* + e− 

     OH* + OH− → H2O + O* + e− 

        O* + OH− → OOH* + e− 

 

 

   OOH* + OH− → O2* + H2O + e− 

 

 

                   O2* → O2 

The OER process involves multiple steps with one electron transfer per step, which 

causes an accumulation of energy barriers in each step, resulting in a large overpotential to 

overcome and  relatively sluggish kinetics of OER compared to HER. Therefore, 

electrocatalysts with high activity towards OER are highly desired to expedite the reaction 

and lower the overpotential. Noble metals and their oxides, such as Ir, Ru, IrO2, and RuO2, 

have been demonstrated as efficient and stable OER catalysts. These generally need an 

overpotential of 350~400 mV to achieve a current density of 10 mA/cm2 (j10).
[18-20] 

However, the large-scale applications are limited by the scarcity and high cost of these 

materials. An ideal OER electrocatalyst should have low overpotential, high durability, 

low-cost, high earth-abundance and scalability. 

1.2.3 Oxygen reduction reaction (ORR) 

The oxygen reduction reaction (ORR), which is the reverse of the OER, is the core 

reaction both in fuel cells and the metal-air battery. One important consideration for ORR 
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(and the reactions discussed below) compared to HER and OER is that in a solution, the 

concentration of oxygen is limited.  This changes the experimental considerations, and 

often a rotating ring-disk electrode is used to control the rate of oxygen diffusion to the 

electrode surface. The overall reaction typically involves either a concerted four-electron 

(4e−) transfer process, or a two-step process with two-electron (2e−) transfer in each step. 

For practical applications, a direct 4e− reaction pathway is preferred to achieve a high 

efficiency. Looking at the process in alkaline solution, for example, there are two types of 

reaction mechanisms for the direct 4e− pathway: dissociative and associative, which are 

shown in Table 1.3. 

Table 1.3 Two reaction mechanisms for four-electron pathway of ORR in alkaline solution. 

Mechanism (condition) Reaction pathway 

 

Dissociative pathway 

(alkaline solution) 

O2 + 2* → 2O* 

2O* + 2H2O + 2e− → 2OH* + 2OH− 

2OH* + 2e− → 2OH− + 2* 

 

Associative pathway 

(alkaline solution) 

O2 + * → O2* 

O2* + H2O + e− → OOH* + OH− 

OOH* + e− → O* + OH − 

 

O 

 O* + H2O + e− → OH* + OH− 

 

 

 OH* + e−  → OH− + * 

Generally, the initial O2 dissociation energy barrier on a given surface is the determining 

factor for which mechanism is preferred. For example, the O2 dissociation energy barrier 

for carbon materials is relatively high which is not favorable for the 4e− dissociative 

pathway, and thus the measured electron transfer numbers on carbon materials are smaller 
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than four.[21] For Pt, the O2 dissociation barrier on its (111) surface is less than 0.3 eV, 

indicating a 4e− dissociative pathway is favorable for the ORR of Pt-based materials.[22]  

1.2.4 CO2 reduction reaction (CRR) 

For the heterogeneous electrochemical reduction of CO2, the multi-step conversion 

process typically occurs at the interface between a solid electrocatalyst and CO2-saturated 

solution. In general, the CRR products are complex mixture of carbon monoxide (CO), 

formate (HCOO−) or formic acid (HCOOH), formaldehyde (HCHO), methanol (CH3OH), 

methane (CH4), ethylene (C2H4), and an undesirable byproduct of hydrogen (H2) (Table 

1.4). 

Table 1.4 shows all possible reactions during the CRR in CO2-saturated aqueous solution (pH = 7). 

Reaction pathways Standard electrode potential (vs. NHE) 

CO2 + 2H+ + 2e−
 → CO + H2O E0 = -0.52 V 

CO2 + 2H+ + 2e−
 → HCOOH 

CO2 + 4H+ + 4e−
               HCHO + H2O 

E0 = -0.61 V 

E0 = -0.51 V 
CO2 + 6H+ + 6e−

 → CH3OH + H2O E0 = -0.38 V 

CO2 + 8H+ + 8e−
 → CH4 + 2H2O E0 = -0.24 V 

2CO2 + 12H+ + 12e−
 → C2H4 + 4H2O E0 = -0.34 V 

2H+ + 2e− → H2 (side reaction) E0 = -0.42 V 

    The reaction mechanism of the electrochemical CRR pathways in aqueous solution is 

schematically shown in Figure 1.4.[23] The first key step is that the active site of the 

electrode surface captures one CO2 molecule and one electron to form the CO2
•− 

intermediate, which is typically the rate-determining step for CRR in most cases.[24] The 

reaction products will be highly depend on the specific catalyst and how it binds the 

intermediates. Due to relatively weak binding strength of CO2
•− on Sn, Hg, Pb, and In metal 

electrodes, the primary product is formate or formic acid. As for the Au, Ag, Zn, and Pd 
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electrodes, the intermediates COOH* and CO* are tightly and weakly bound to their 

surface, respectively, and therefore the predominant product is CO. For boron-doped 

diamond consisting of sp3-hybridzed carbon atoms, the adsorbed CO* intermediate further 

combines with a proton and electron to generate HCHO. The most interesting electrode 

material is Cu, which is able to convert the CO* intermediate to higher value-added 

products (eg., CH4, C2H4, CH3OH). These are often grouped by the number of C atoms 

linked, i.e. CH4 is a C1 product and C2H4 is a C2 product. 

 

Figure 1.4 Reaction mechanism of electrochemical CRR on electrodes in aqueous solution and the 

formation pathways for the main C1 products. Adapted from reference 23 with permission of John 

Willey and Sons. 

To design a CRR electrocatalyst which meets the requirements for practical use, several 

major challenges still remain which need to be overcome. (i) A large overpotential is 

required to overcome the high energy barrier for the formation of the CO2
•− intermediate, 

which leads to the low energy efficiency of the CRR process. (ii) The total reaction rate is 

very low due to the sluggish reaction kinetics and limited mass transfer of low-
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concentration CO2 in aqueous solution. (iii) Achievement of high selectivity for CRR is 

hindered by both the multiple reaction steps and competitive HER process. (iv) The 

deactivation of active sites blocked or poisoned by reaction intermediates, by-products, and 

impurities from the solution leads to the low stability and short lifetime of CRR 

electrocatalysts. 

1.2.5 General issues in heterogeneous electrocatalysis 

Although various type of heterogeneous electrocatalysis for sustainable energy 

conversion and storage have been described above, there are still some common issues 

which limit their practical applications. One important route forward is the implementation 

of nanostructured strategies which are effective ways to engineering the intrinsic properties 

(eg., size, structure, composition, and defect) of heterogeneous electrocatalysts for 

improving electrochemical activity and stability.[25,26] However, in order to attain the 

desired nanostructured electrocatalysts, controllable synthesis methods are required to 

develop precise control of the morphology and structure. Highly uniform systems also 

allow scientists to exclude the influences of non-intrinsic factors on catalytic activity and 

better understand the relationship between a specific property and the corresponding 

activity in heterogeneous electrocatalysts. 

1.3 Heterogeneous photoelectrocatalysis 

    Developing artificial photosynthesis systems to afford efficient solar energy to chemical 

fuels on a large-scale is an important step to realize the dream of a sustainable carbon-

neutral society. Photoelectrochemical (PEC) devices, which contain a direct 

semiconductor/liquid interface, have been under intense research in recent years for 
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artificial photosynthesis. To enable practical PEC fuel production, a low-cost, durable, and 

high-performance semiconductor must be paired with a catalyst meets those same criteria. 

A representative tandem PEC cell for water splitting is schematically shown in Figure 

1.5.[27] The tandem PEC cell consists of a wide band-gap photoanode for absorbing high-

energy photons of incident solar irradiation, a photocathode for capturing the remaining 

low-energy photons, and a membrane for minimizing the pH gradient and avoiding 

generated gas crossover. An OER and HER catalyst deposited on the photoanode and 

photocathode surface, respectively, accepts the separated holes and electrons to produce 

O2 and H2. 

 

Figure 1.5 Schematic diagram of tandem PEC cell for water splitting. (a) A wired tandem PEC cell 

which composed of a photoanode, a membrane, and a photocathode. Adapted from reference 27 

with permission of Springer Nature. 

1.3.1 Electron transfer and band bending 

A distinct character of a PEC cell is the interface between the semiconductor 

photoelectrode and the liquid electrolyte, which is directly related to the reaction kinetics. 
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The concept of band bending is important to understand the design principles for a device 

that does not lose energy due to the interface. If the Fermi level (Ef) of n-type 

semiconductor is higher than the redox potential (Eredox) in solution (Figure 1.6a),[28] the 

charge distribution leads to upward band bending and forming a space-charge region (SCR) 

(Figure 1.6b). When the semiconductor is excited by incident light, the internal electric 

field in the SCR can drive the separation of electrons and holes, and the electrons and holes 

can flow to the counter electrode and electrolyte, respectively. Both the Ef of 

semiconductor and metal increase to form a new quasi-Fermi level of Ef*, which leads to 

a decrease of band bending of the semiconductor (Figure 1.6c). If the flat-band potential is 

lower than the electrolyte reduction potential, an external positive bias (Eb) must be applied 

to make sure the Ef of metal is higher than the electrolyte reduction potential (Figure 1.6d).  

 

Figure 1.6 Schematic band diagrams of the PEC processes: (a) before contact for an n-type 

semiconductor; (b) after contact for an n-type semiconductor in dark; (c) n-type semiconductor 

under light illumination; (d) n-type semiconductor under light illumination and external bias. 

Adapted from reference 28 with permission of Royal Society of Chemistry. 
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The detailed energy diagram of a semiconductor under PEC operation is shown in Figure 

1.7.[29] The depletion layer is the most common type of space charge layer (SPL), whose 

width can be expressed by the equation (1.2), 

                                            𝑤 =  √
2𝜀0𝜀𝑟

𝑒𝑁𝑑
(𝑉𝑠𝑐 −

𝑘𝑇

𝑒
)                                               (1.2) 

where εr is the semiconductor relative permittivity, ε0 the vacuum permittivity, Nd is the 

doping density, Vsc is the potential drop across the SPL, and kT is the thermal energy. Since 

Vsc is identical to the difference between applied electrode potential and Fermi level of 

semiconductor (E-Ef), Ef can be determined by impedance measurement (Mott-Schottky) 

with equation (1.3): 

                                  
1

𝐶𝑆𝐶
2 =

2

𝜀0𝜀𝑟𝑒𝑁𝐷𝐴2 (𝑉𝑆𝐶 −
𝑘𝑇

𝑒
)                                       (1.3)      

Since it is hard to predict many of these parameters due to the complexity of the interface, 

this is a very important experimental measurement. For the photogenerated charge minority 

(h+) in an n-type semiconductor, the maximum transfer distance is the total length of 

depletion layer (w) and charge diffusion layer (Lp). To ensure all the minority carriers 

reach the semiconductor surface to participate in the water oxidation reaction, the effective 

light penetration length should be equal or shorter than w + Lp.         
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Figure 1.7 (a) Standard representation of energy diagram of an n-type semiconductor under PEC 

operation. (b) Schematic diagram of photogenerated minority transfer routes. Adapted from 

reference 29 with permission of Springer Nature. 

1.3.2 Semiconductors for photoelectrochemistry   

An ideal semiconductor photoelectrode for water splitting or CO2 reduction is expected 

to meet the following requirements: (i) a suitable bandgap to absorb sufficient photons 

across the solar spectrum, (ii) high conductivity for charge transport, (iii) favorable band 

position for fast redox reactions, (iv) excellent long-term stability in aqueous solution, and 

(v) low-cost and environmentally-benign. However, it is difficult to find a material to meet 

all these requirements. For instance, TiO2 is stable, but has a wide bandgap that can absorb 

only a small amount (5%) of incident light, mostly in the UV region.[30] Narrow bandgap 
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semiconductors, such as Si,[31] CdS,[32] and Cu2O,[33] are easily corroded by light or ions in 

the solution. In the case of α-Fe2O3,
[34] WO3,

[35] and BiVO4
[36]

 which possess a suitable 

bandgap and high theoretical STH efficiency, the low conductivity and short charge carrier 

diffusion length severely limit these catalysts ability to reach saturated photocurrents and 

therefore improve STH efficiency.  

Colloidal quantum dots (CQDs) have attracted considerable attention due to their 

optoelectronic properties, such as size tunable absorption, and high optical extinction 

coefficient, which make CQDs particularly suitable as light absorbers for solar energy 

conversion.[37,38] There are still several issues for CQDs-based photoelectrodes that need 

to be addressed. (i) To increase the conductivity and hydrophilicity of CQDs-based film, 

the surface long-chain organic ligands must be removed or changed, which can lead to 

defects on the surface of the CQD film. Consequently, charge recombination can occur at 

the defect sites, depending on the electronic nature of the sites.[39,40] (ii) Some CQDs-based 

photoelectrodes operated in harsh PEC conditions, such as strong light illumination and 

extremely high or low pH electrolyte, exhibit poor stability.[41] One promising strategy is 

to coat a corrosion-resistant overlayer that protects the underlying semiconductors while 

not inhibiting charge transfer and light absorption. (iii) For solar-driven OER and CRR, 

the sluggish reaction kinetics leads to serious interfacial charge recombination and high 

overpotential required to attain appreciable photocurrent.[42] In other word, for poorly 

catalyzed reactions the photon collection and carrier transfer are not the limiting factors. 

Therefore, high performance cocatalysts are required which can be deposited on the 

semiconductor surface to drive the catalytic reactions at a rate matching the arrival of 
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electrons. In all cases, surface and interfacial properties of the photoelectrodes need to be 

carefully tuned to suppress the recombination at surface trapping sites and increase the 

reaction kinetics. 

1.4 Controllable synthesis for nanostructured catalysts 

    The rapid development of nanoscience and nanotechnology has led to solid-phase, 

solution-chemistry, and gas-phase synthesis methods for fabricating heterogeneous 

catalysts. We mainly focus on the colloidal, solution-phase route and gas-phase atomic 

layer deposition (ALD) synthesis methods, which are two advanced tools to design 

heterogeneous catalysts with controllable nanostructures. 

1.4.1 Colloidal route 

This colloidal route is typically an oxygen-free, organic phase synthetic protocol that 

involves the reaction of organic precursors capped with organic ligands in a high boiling 

point organic solvent. In 1993, Bawendi’s group first reported a colloidal route to 

synthesize monodisperse cadmium chalcogenides (CdE, E = S, Se, and Te) nanocrystals.[43] 

Since then, various types of size-uniform nanocrystals, such as metals,[44] metal oxides,[45] 

metal phosphide,[46] and metal nitrides,[47] have been fabricated by similar methods. The 

quality of nanocrystals are mainly determined by the nucleation and growth steps, and a 

general idea is the nucleation should be as short as possible with no more new nuclei 

formed in later growth stage. Two mechanisms of homogeneous and heterogeneous 

nucleation were proposed by LaMer and Dinegar to understand the fundamental nucleation 

and growth processes of nanocrystals. In homogeneous nucleation, the concentrated 

precursors initially form monomers which must overcome a high activation energy to begin 



18 
 

 

 

 

 

nucleation of the nanocrystals. In contrast, the “seed growth” method uses heterogeneous 

nucleation and has been well studied for synthesis of multicomponent colloidal nanocrystal 

structures such as core/shell and Janus structure nanoparticles. The “seed” particles are 

typically first formed using homogeneous nucleation and purified. When these are mixed 

with precursors for a different type semiconductor (for example CdSe cores mixed with Zn 

and S precursors to form CdSe/ZnS core/shell nanoparticles), heterogeneous nucleation 

occurs at preferential sites on the seed surface, which requires much lower energy than 

homogeneous nucleation. The LaMer model, a descriptor for the nucleation and growth 

stages of nanocrystals, is shown in Figure 1.8.[48] In stage I, the monomer concentration 

increases with the addition of precursors or temperature change. Stage II, the nucleation 

stage, starts when the monomer concentration reaches the critical concentration (C*) level 

and terminates when the monomer concentration is lower than C*. During stage (III), the 

growth stage, the monomer consumption and generation is in a balance. 

 

Figure 1.8 LaMer diagram: (I) pre-nucleation, (II) nucleation, and (III) growth stages as a function 

of the reaction time. Red and blue curves are referred to the reactions based on highly and less 

reactive precursors, respectively. Adapted from reference 48 with permission of American 

Chemical Society. 
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    To separate the nucleation and growth stages in order to obtain well-controlled and 

monodisperse nanocrystals, the hot-injection (HI) and heating-up (HU) methods are 

used.[49,50] In the case of HI method, the separation of nucleation and growth is typically 

achieved by the rapid injection of the reagents into the hot organic solvent. Large amount 

of nuclei are produced (nucleation burst) after the quick injection and then quenched due 

to the fast cooling of reaction mixture or decreased supersaturation consumption. For the 

HU method, the supersaturation of homogeneous nucleation is completed by the in-situ 

formed reactive species with assistance of high thermal energy. As an example, 

trioctylphosphine decomposes to generate the reactive precursor PH3 in-situ. From the 

practical viewpoint, the HU method is much more suitable for scale-up synthesis over HI 

method, but longer time is needed for nucleation. 

In the last ten years, a large amount of literature has reported on colloidal nanocrystals 

applied in various renewable energy conversion and storage fields. On one hand, colloidal 

semiconductor nanocrystals (quantum dots) in II-VI and III-V types are widely used as 

light absorbers in solar energy conversion (solar cells and solar fuels). On the other hand, 

colloidal route has been demonstrated the best way to synthesize nanocrystal 

electrocatalysts with different size, composition, phase, structure, and facets for all of the 

above electrochemical reactions. Therefore, this colloidal route is highly suitable and 

useful way to fabricate nanostructured catalysts for electrochemical, photochemical, and 

photoelectrochemical systems. 
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1.4.2 Atomic layer deposition 

    Atomic layer deposition (ALD) is a vapor phase technique capable of producing thin 

films of a variety of materials. Based on sequential and self-limiting reactions, ALD 

provides excellent conformality on high-aspect ratio structures, thickness control, and 

tunable film composition, which has led to ALD emerging as a powerful tool for many 

industrial and research applications.[51-53] A typical ALD process is illustrated in Figure 

1.9.[54] It consists of sequential alternating pulses of gaseous chemical precursors that react 

with the substrate. Precursor (A) is first allowed into ALD chamber (via the opening of an 

automated valve) and reacts with the substrate surface through a self-limiting process. 

Subsequently, the chamber is purged with an inert carrier gas (typically N2 or Ar) to remove 

any unreacted precursor or reaction by-products. This is then followed by the counter-

reactant precursor (B) pulse and purge, creating at most up to one layer of the desired 

material. This process is then cycled until the appropriate film thickness is achieved. 

 

Figure 1.9 Schematic diagram of ALD process. (a) Functionalized substrate surface. (b) Precursor 

A is introduced and reacts with surface. (c) Excess precursor A and reaction by-products are purged 

with inert carrier gas. (d) Precursor B is introduced and reacts with surface. (e) Excess precursor B 

and reaction by-products are purged with inert carrier gas. (f) Repeated steps for increasing film 

thickness. Adapted from reference 54 with permission of Elsevier. 
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ALD has been a key technology in renewable energy conversion and storage areas, such 

as solar cells,[55] solar fuels,[56] fuel cells,[57] and batteries.[58] Taking the 

photoelectrochemical system as an example, ALD has been employed for (i) Functional 

photo-active materials. Using ALD to deposit ultrathin light absorbers, such as hematite 

(Fe2O3),
[59] BiVO4,

[60] and other oxides[61] on planar or nanostructured substrates has been 

used to fabricate highly efficient photoelectrodes with good charge separation and transfer 

for solar fuels production. (ii) Protective and passivation materials. To reduce or avoid the 

electrolyte corrosion, ultrathin inert metal oxides (TiO2 and Al2O3) are conformally 

deposited on unstable photoelectrodes by ALD to increase their durability without affecting 

the light absorption.[62-64] Moreover, the ALD thin oxide layer is able to passivate the 

abundant surface defects on nanostructured photoelectrodes to reduce the interfacial 

recombination of photoexcited carriers.[65] (iii) Cocatalysts coating. Au ultrathin cocatalyst 

layer by ALD is coated on semiconductor photoelectrodes for boosting the charge transfer 

and reaction rate.[66-68] 

1.5 Colloidal metal phosphide nanocrystals for electrocatalysis 

     Metal phosphides (MxPy), are solid-state compounds consisted of metallic elements 

with phosphorus. The strong metal-phosphorus bonds are beneficial to thermal stability 

and hardness, as well as high resistance to oxidation and chemical corrosion. The bonding 

conditions are highly dependent on the composition and stoichiometry in MxPy. Metal-rich 

(x > y in MxPy) or stoichiometric (x = y = 1 in MxPy) metal phosphides are typically metallic 

or semiconducting due to strong metal-metal bonding. Phosphorus-rich metal phosphides 
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(x < y in MxPy) show very strong phosphorus-phosphorus bonding because abundant P 

atoms are prone to form oligomers and clusters.[69] 

1.5.1 Colloidal Synthesis of MxPy NCs          

To synthesize colloidal MxPy NCs, cationic and anionic precursors are mixed with 

organic ligands and non-coordination solvent under high temperature. Various phosphorus 

precursors are used in a colloidal synthesis of MxPy NCs, including single source precursors 

such as (In(PBut
2)3),

[70] highly reactive tris(trimethylsilyl)phosphine ((SiMe3)3P),[71] 

trioctylphosphine (TOP) which decomposes in-situ,[72] elemental phosphorus,[73] and PH3 

gas.[74] Phosphorus precursors with higher reactivity generally lead to higher quality of 

MxPy NCs due to more favorable nucleation and growth of seeds. 

TOP is generally used to synthesize colloidal transitional metal phosphide nanocrystals 

(TMP NCs) at relatively low temperature due to its mild reactivity and low-cost. Schaak et 

al.[75] reported the colloidal synthesis of Cu3P NCs by injecting prepared Cu NCs and TOP 

into TOPO medium. The Cu metal participates in cleavage of  P-C bond and then causes 

the diffusion of phosphorus into the metal. Recently, various TMP NCs were synthesized 

through this method, such as cobalt phosphide (Co2P, CoP),[76] nickel phosphide (Ni2P, 

Ni12P5, Ni5P4),
[77] iron phosphide (Fe2P, FeP),[78] as well as mixed-metal phosphide 

nanocrystals such as (NixFe1-x)2P,[79] (NixCo1-x)P,[80] and (CoxFe1-x)2P.[81] 

   (SiMe3)3P is a more reactive phosphorus precursor than TOP, which was initially used 

to synthesize the III-V group semiconductor quantum dots. InP NCs possess a direct band 

gap of 1.35 eV and large Bohr exciton radius of 9.6 nm, which makes them excellent 

candidate as visible and IR emitting materials. During reaction, the low dissociation energy 
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for P-Si bond in (SiMe3)3P facilitates the In-P bond formation.[82] Beside InP NCs, other 

III-V and II-VI group phosphide NCs were also reported, such as GaP, GaInP, and Zn3P2.
[83] 

Moreover, (SiMe3)3P was also used to synthesize different TMP NCs by heating-up or hot-

injection method. Perera et al.[84] reported the synthesis of iron phosphide NCs by using 

iron acetylacetonate (Fe(acac)3)and (SiMe3)3P in TOPO at 260 ℃. The obtained product 

has a pure phase of FeP, high monodispersity, and narrow size distribution. 

1.5.2 Electrocatalytic hydrogen evolution application 

    TMP NCs are well-known heterogeneous catalysts for hydrodesulfurization and 

hydrodenitrogenation reactions. Since water reduction process shares similar reaction 

pathway, TMP NCs were initially applied as electrocatalyst for HER. The Schaak group 

reported the first Ni2P NCs HER catalyst by reacting Ni(acac)2 and TOP in 1-octadecene 

(ODE) and oleyamine (OAm) at 320 ℃ for 2 h.[77] The resulting Ni2P NCs achieves an 

operationally relevant current density of -10 mA/cm2 with a small overpotential of 116 mV 

in an acidic electrolyte. It should be noted that Ni2P NCs show excellent stability and 

quantitative Faradaic efficiency for hydrogen production. Later, various TMP NCs, such 

as cobalt/iron/molybdenum/tungsten/copper phosphides were developed as HER catalysts.  

1.5.3 Critical challenges for TMP NCs-based electrocatalysts 

Although above-mentioned various type of TMP NCs were applied as HER 

electrocatalyst, there are still several critical challenges to limit their catalytic activity,  

selectivity, and wide scope applications. (1) The phosphorus generally has higher 

electronegativity than the metal counterpart, which causes charge redistribution and 



24 
 

 

 

 

 

changes the surface electronic structure of metal atoms. Correlating the electronic effect 

with the surface intermediate adsorption/desorption on active sites is still an ongoing effort. 

(2) Although the high phosphorus content is capable of increasing the surface active site 

numbers because the symmetry of crystalline structure will be lowered, this geometric 

effect on the energy barrier of rate-limiting step is still unclear. (3) The surface atomic 

composition, valence oxidation state and coordination environment of metal sites, and 

morphology are keep changing during reaction process. Therefore, operando 

spectroscopies and microscopies are highly desired to understand the dynamic evolution 

on MxPy surface. (4) Currently, the MxPy NCs were mainly used in water splitting reaction 

which involves both HER and OER, but rarely reported as electrocatalysts for complex 

ORR and CRR.    

 

1.6 Thesis Organization 

In Chapter 2, highly monodisperse CoP and Co2P nanocrystals (NCs) are synthesized 

using a robust solution-phase method. The highly exposed (211) crystal plane and abundant 

surface phosphide atoms make the CoP NCs efficient catalysts toward ORR and HER, 

while metal-rich Co2P NCs show higher OER performance owing to easier formation of 

plentiful Co2P@COOH heterojunctions. Density functional theory calculation results 

indicate that the desorption of OH* from cobalt sites is the rate-limiting step for both CoP 

and Co2P in ORR and that the high content of phosphide can lower the reaction barrier. A 

water electrolyzer constructed with a CoP NC cathode and a Co2P NC anode can achieve 

a current density of 10 mA cm−2 at 1.56 V, comparable even to the noble metal-based Pt/C 



25 
 

 

 

 

 

and RuO2/C pair. Furthermore, the CoP NCs are employed as an air cathode in a primary 

zinc–air battery, exhibiting a high power density of 62 mW cm−2 and good stability. This 

has been published as “Colloidal Cobalt Phosphide Nanocrystals as Trifunctional 

Electrocatalysts for Overall Water Splitting Powered by a Zinc–Air Battery” in Adv. 

Mater., 2018, 30, 1705796,[85]  with permissions for thesis writing and reprinting.  

      In Chapter 3, phosphorus-rich colloidal cobalt diphosphide nanocrystals (CoP2 NCs) 

are synthesized via hot injection. The CoP2 NCs show a Pt-like hydrogen evolution reaction 

(HER) electrocatalytic activity in acidic solution with a small overpotential of 39 mV to 

achieve −10 mA cm−2 and a very low Tafel slope of 32 mV dec−1. Density functional theory 

(DFT) calculations reveal that the high P content both physically separates Co atoms to 

prevent H from over binding to multiple Co atoms, while simultaneously stabilizing H 

adsorbed to single Co atoms. The catalytic performance of the CoP2 NCs is further 

demonstrated in a metal–insulator–semiconductor photoelectrochemical device consisting 

of bottom p-Si light absorber, atomic layer deposition Al–ZnO passivation layers, and the 

CoP2 cocatalyst. The p-Si/AZO/TiO2/CoP2 photocathode shows a photocurrent density of 

−16.7 mA cm−2 at 0 V versus reversible hydrogen electrode (RHE) and an output 

photovoltage of 0.54 V. The high performance and stability are attributed to the junction 

between p-Si and AZO, the corrosion-resistance of the pinhole-free TiO2 protective layer, 

and the fast HER kinetics of the CoP2 NCs. This work has been published as “Phosphorus-

Rich Colloidal Cobalt Diphosphide (CoP2) Nanocrystals for Electrochemical and 

Photoelectrochemical Hydrogen Evolution” in Adv. Mater., 2019, 31, 1900813.[86] with 

permissions for thesis writing and reprinting.  
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      In Chapter 4, we report the synthesis of ultrasmall and monodisperse colloidal PtP2 

NCs which achieve H2O2 production at near zero-overpotential and close to unit H2O2 

selectivity at 0.27 V vs. RHE for the oxygen reduction reaction. DFT calculations indicate 

that P promotes hydrogenation of OOH* to H2O2 in part by weakening the Pt-OOH* bond 

and suppressing the dissociative OOH* to O* pathway. To maintain the activity of the 

ultrasmall PtP2 NCs during extended use in a practical polymer electrolyte membrane fuel 

cell (PEMFC), atomic layer deposition of a thin Al2O3 was used to eliminate aggregation. 

The surface modified PtP2 catalyst achieves a maximum r(H2O2) of 2.26 mmol h-1 cm-2 and 

a highest current efficiency of 78.8% at a large current density of 150 mA cm-1 in a PEMFC. 

The catalyst has sufficient stability to allow cycling of the produced H2O2 multiple times 

through the system. The accumulated neutral H2O2 concentration in 600 mL reaches 3.0 

wt% after 65 h, which can be readily used for medical, food, and environmental 

applications. This work was recently submitted as “Scalable Neutral H2O2 Electrosynthesis 

By Platinum Diphosphide Nanocrystals and the Role of Phosphorous in Achieving H2O2 

Selectivity” to Joule.  

      In Chapter 5, we report ultrasmall sub-4 nm AgP2 nanocrystals (NCs) with a greater 

than 3-fold reduction in overpotential for electrochemical CO2-to-CO reduction compared 

to Ag and greatly enhanced stability. DFT calculations reveal a significant energy barrier 

decrease in the formate intermediate formation step, while the ability to tune the CO and 

H2 ratio is enhanced by the presence of both Ag and P sites with low overpotential. In-situ 

X-ray absorption spectroscopy (XAS) is used to probe the effect of the Ag oxidation state 

on the reaction selectivity, with a maximum Faradaic efficiency for CO2-to-CO reduction 
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achieved at the average silver valence state of +1.08 in AgP2 NCs. Utilizing the ultralow 

overpotential and wide syngas range of the AgP2 catalyst, we constructed a photocathode 

for CO2 reduction consisting of a n+p-Si wafer coated with ultrathin Al2O3 by ALD, 

followed by AgP2 NCs. This design yields a record onset potential of 0.2 V vs. RHE for 

CO production and a partial photocurrent density for CO at -0.11 V vs. RHE (j-0.11, CO) of -

3.2 mA cm-2, exceeding all other reported photocathodes for selective CO2-to-CO 

reduction. This chapter has been submitted as “Colloidal Silver Diphosphide (AgP2) 

Nanocrystals as Low Overpotential Catalysts for CO2 Reduction to Tunable Syngas” in 

Nat. Commun. and was under revision. 
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2 COLLOIDAL COBALT PHOSPHIDE NANOCRYSTALS 

AS TRIFUNCTIONAL ELECTROCATALYSTS FOR 

OVERALL WATER SPLITTING POWERED BY A ZINC-

AIR BATTERY 

2.1 Introduction  

    Developing renewable energy technologies, such as metal-air batteries, water splitting 

devices, and fuel-cells, is an important strategy to address the current energy crisis and 

environmental challenges.[1-3] The oxygen reduction reaction (ORR) and oxygen evolution 

reactions (OER) are crucial electrochemical reactions for metal-air batteries, while the 

hydrogen evolution reaction (HER) and OER are the two key half-reactions for water 

splitting systems.[4-6] Noble metal based catalysts are highly efficient for these reactions, 

specifically Pt for HER and ORR, and IrO2 or RuO2 for OER. However, the high cost and 

scarcity of these materials significantly limit their widespread application. Therefore, great 

effort has been made to develop highly efficient and durable electrocatalysts with earth-

abundant elements for ORR, HER, and OER.[7-10] Recently, a few types of such 

trifunctional catalysts have been reported, often based on graphene or graphene oxide (GO), 

such as N, P and F tri-doped graphene,[11] N, S co-doped graphitic sheets,[12] Ni-NiO/N-

reduced GO,[13] N/Co-doped porous carbon polyhedron,[14] Cu-metal organic 

framework/GO,[15] and defect graphene.[16] However, all of the trifunctional catalysts based 

on doped carbon or their composites show only moderate activity in alkaline media, 

characterized by the relatively low onset potential (< 0.9 V) and half-wave potential (< 
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0.85 V) for ORR, and a high overpotential for HER (η10 > 100 mV to achieve a current 

density of 10 mA/cm2) and OER (η10,OER > 300 mV) required to drive a current density of 

10 mA/cm2 for HER and OER. This greatly limits the achievable efficiency of metal-air 

batteries and alkaline electrolyzers.     

By contrast, transition metal phosphides (TMPs) have been demonstrated to be excellent 

bifunctional HER and OER catalysts for overall water splitting in alkaline solution,[17-22] 

and some TMPs even show comparable or superior activity compared with state-of-the-art 

Pt/C and IrO2 pairs. However, very few TMPs have been reported as ORR catalysts. While 

recently, Co2P nanorods,[23] CoP nanocrystals[24] and FeP[25] have shown decent and stable 

ORR performance, the effect of phosphide content on ORR activity and the rate-

determining step in the mechanism for ORR are still unclear. Also, while theoretical studies 

have been done of the ORR pathway energetics for various metal,[26,27] metal oxide,[28,29] 

and carbon catalysts,[30-33] and theoretical calculations have been used to investigate  HER 

or OER on TMPs,[34-36] these techniques have not yet been applied to TMPs for ORR. 

Furthermore, although huge progress has been made in rechargeable zinc-air batteries with 

bifunctional oxygen electrodes, such as transition metal and perovskite oxides,[37-39]  

nitride,[40-42] and carbon materials,[43-46] there are still no reports on TMP-based air batteries. 

Therefore, it is highly desirable to develop TMP-based trifunctional electrocatalysts to 

promote the ORR, HER, and OER simultaneously in the same alkaline solution. If realized, 

integrated zinc-air battery-powered overall water splitting systems can be designed to 

produce H2 and O2 for the renewable energy industry. 
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Herein, highly monodisperse CoP and Co2P nanocrystals (NCs) were synthesized by 

reacting cobalt (II) acetylacetonate (Co(acac)2) with trioctylphosphine (TOP) at 

temperatures of 320 ℃ and 280 ℃, respectively. By achieving a consistent size and 

morphology for the CoP and Co2P NCs, it is possible to exclude the influences of surface 

area and size on catalytic activity and better identify the key role of intrinsic factors (eg. 

bulk composition, active sites) in the determination of catalytic rates. The highly exposed 

(211) crystal plane and abundance of surface phosphide atoms make the CoP NCs efficient 

catalysts towards ORR and HER. The metal-rich Co2P NCs, on the other hand, show higher 

OER performance owing to easier formation of plentiful Co2P@COOH heterojunctions 

when compared with the CoP NCs. The CoP NCs were used as an air cathode equipped in 

a primary zinc-air battery, exhibiting a high power density of 62 mW/cm2 and good 

stability. The water electrolyzer, which was constructed using CoP NCs for the cathode 

and Co2P NCs for the anode, achieves a current density of 10 mA/cm2 at 1.56 V which is 

even comparable to the Pt/C and RuO2/C pair. Notably, the CoP/Co2P NC-based water 

splitting system can be powered by a zinc-air battery constructed using CoP NCs. 

2.2 Experimental Section 

    Preparation of colloidal CoP and Co2P nanocrystals: In a typical procedure for CoP 

NCs synthesis, Co(acac)2 (128 mg, 0.5 mmol) was added to a 25 mL three-neck, round 

bottom flask containing a stirring bar. The flask was also equipped with a thermometer 

adapter, thermometer, air condenser, and rubber septum. Prior to sealing the flask, 1-

octadecene (4.0 mL) and oleylamine (6.0 mL) were added as capping ligand and solvent. 

Under N2 flow, the reaction mixture was stirred moderately and heated to 120 °C. After 
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changing to vacuum, the solution was degassed at 120 °C for 1 h to remove water and other 

low-boiling impurities. Subsequently, degassed tri-n-octylphosphine (2 mL) was added to 

the vessel under N2 flow. The mixed solution was further heated to 320 °C at a rate of 

10 °C/min and kept at this temperature for 2 h. Finally, the solution was cooled down to 

room temperature by removing the heating mantle. For Co2P NCs synthesis, the only 

different condition is the reaction temperature of 280 °C for 2h. The reaction mixture was 

transferred into a centrifuge tubes, and centrifuged at 6000 rpm for 5 min. The isolated 

powder was re-suspended using 1: 6: 1 (v: v: v) hexanes: acetone: methanol and then was 

centrifuged again. This whole process was repeated five additional times. The resulting 

CoP or Co2P NCs, were suspended in hexanes and stored in a vial under air. 

    Preparation of ink catalysts and working electrodes: The as-synthesized NPs were 

mixed with commercial carbon (Ketjen-300 J) at a weight ratio of 1:1 in 20 mL mixture of 

hexane. The mixture was further sonicated for 1 h and stirred overnight. The resultant 

solids were precipitated out by centrifugation and dried at 250 °C for 30 min under an N2 

flow. The solid product was then re-dispersed in a mixture of deionized water, isopropanol, 

and Nafion 117 solution (v: v: v=4: 2: 0.05) to form a catalyst ink (2 mg/mL). A rotating 

disk electrode with a glassy carbon core was polished by a 0.5 μm and 0.05 μm alumina 

powder and rinsed with deionized water. Unless specified, 20 μL of catalyst ink was drop 

deposited on the glassy carbon working electrode (D = 5 mm) to form a catalyst film with 

a loading amount of about 0.2 mg/cm2 and dried at ambient conditions. In addition, the 

same amount Pt/C and RuO2/C ink catalysts were prepared for comparison.  
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    Materials Characterizations: Elemental analysis was performed using inductively-

coupled plasma mass spectroscopy (ICP-MS, Teledyne Leeman Labs). X-ray diffraction 

(XRD) patterns were obtained on an X-ray diffractometer (Bruker D2 Phaser) using Cu Kα 

radiation. High-resolution transmission electron microscopy (HRTEM) was carried out on 

a Tecnai G2 F20 microscope at 200 kV. The elemental mappings were performed on a 

STEM unit with HAADF detector (FEI Technai G2 F30, 200 kV). All samples for TEM 

measurements were prepared by ultrasonic dispersion in ethanol and were dropcast onto 

copper grids covered with a carbon film. X-ray photoelectron spectrometry (XPS, Kratos 

Axis Ultra DLD, UK) was used to detect the chemical composition of the as-prepared 

samples. The binding energy was calibrated based on the C 1s peak at 284.8 eV.        

   Electrochemical measurements: For ORR, all tests were carried out in a conventional 

three electrode electrochemical cell using a Biopotentiostat Model AFCBP1 (Pine 

Instrument Company). The cyclic voltammetry (CV) experiments were performed in N2- 

or O2-saturated 0.1 M KOH at room temperature with a scan rate of 10 mV/s. The rotating 

disk electrode (RDE) and rotating ring-disk electrode (RRDE) tests were conducted in O2-

saturated 0.1 M KOH with a scan rate of 10 mV/s. The electron transfer number during 

ORR was calculated using Koutechy-Levich equation as shown in equations (2.1) and (2.2): 

                                     
1

𝑗
=

1

𝑗L
+

1

𝑗𝐾
=

1

B𝜔1/2
+

1

𝑗K
                                            (2.1) 

                                                𝐵 =  0.62𝑛𝐹𝐶0𝐷0
2/3

𝜈−1/6                                             (2.2) 

where j is the measured current density, jk and jL are the kinetic and diffusion-limiting 

current densities, ω is angular velocity, n is the transferred electron number, F is Faradaic 



38 
 

 

 

 

 

constant (96485 C/mol), C0 is the bulk concentration of O2 (1.2 ×10-6 mol/cm3), D0 is the 

diffusion coefficient of O2 in 0.1 M KOH (1.9 × 10-5 cm2/s), and υ is the kinetic viscosity 

of the electrolyte (0.01 cm2/S).   

The rotating ring-disk electrode (RRDE) voltammograms were performed with a glass 

carbon disk electrode and a Pt ring electrode. Pt foil and Ag/AgCl were used as counter 

electrode and reference electrode, respectively. Flow of O2 was maintained into the 

electrolyte during the entire ORR process to ensure the O2/H2O equilibrium. The disk 

electrode was scanned at a rate of 10 mV/s, and the Pt ring electrode potential was fixed at 

1.5 V vs. RHE. The hydrogen peroxide yield (%HO2
-) and electron transfer number (n) 

were calculated by the following equations: 

                              %H2O2 = 200
𝑖𝑟

𝑁⁄

𝑖𝑑+
𝑖𝑟

𝑁⁄
= 200

𝑖𝑟

𝑁𝑖𝑑+𝑖𝑟
                             (2.3)  

                                      n = 4
𝑖𝑑

𝑖𝑑+
𝑖𝑟

𝑁⁄
= 4

𝑁𝑖𝑑

𝑁𝑖𝑑+𝑖𝑟
                                        (2.4)        

where id and ir are the disk and ring currents, respectively. N is the Pt ring current collection 

efficiency which was determined to be 0.25. 

HER and OER tests were conducted with a typical three-electrode cell in 1 M KOH. A 

disk shaped glassy carbon electrode of geometric area 0.20 cm2 was used as the working 

electrode, and Ag/AgCl and glassy carbon rod were used as the reference electrode and 

counter electrode, respectively. A flow of H2 for HER and O2 for OER was maintained into 

the electrolyte during the entire process to ensure the H2/H2O and O2/H2O equilibrium for 

HER and OER, respectively. The polarization curves were obtained with a scanning rate 



39 
 

 

 

 

 

of 5 mV/s with an electrode rotation at 1600 rpm to avoid the accumulation of H2 or O2 

bubbles on the electrode surface. The electrode stability was tested by chronoamperometry 

or cyclic voltammetry. Electrochemical impedance spectroscopy (EIS) was performed on 

a Reference 600 (Gamry Instrument Inc) with the working electrode biased at a constant 

potential (-0.1 or 1.6 V vs. RHE) while sweeping the frequency from 105 to 0.1 Hz with a 

10 mV AC dither. The electrochemical capacitance of the obtained samples was tested in 

1 M KOH using cyclic voltammetry at different scan rates in the non-faradaic potential 

region, and the capacitive current was obtained at the middle potential value for each scan 

rate. All potentials reported in this paper were converted from vs. Ag/AgCl to vs. RHE by 

adding a value of 0.197 + 0.059 × pH. The onset potential is defined as the potential to 

achieve a current density of 0.5 mA cm-2 (5% of the 10 mA cm-2). 

The primary zinc-air button battery was constructed with a polished zinc foil as the 

anode, the specified catalyst on carbon cloth as the cathode (0.5 mg/cm2), cellulose acetate 

film as the separator, and a gel polymer as the solid electrolyte. In the synthesis of the gel 

polymer, polyvinyl alcohol (PVA, 2 g) powder and KOH (3 g) were added into 20 mL of 

H2O at 95 °C under vigorous stirring. After the solution became a transparent gel, 1 mL of 

0.2 M zinc acetate was added into the mixture for another 30 min stirring. The cellulose 

acetate film was immersed into the gel electrolyte for 30 min to adsorb a layer of solid 

electrolyte on both sides. Then the anode, separator, and cathode were assembled into a 

coin-type battery. The polarization curve of CoP-based coin-type battery was performed at 

room temperature by LAND testing system.         
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Overall water splitting was carried out in a well-sealed H-type cell with an alkaline 

membrane for separating the two compartments to collect the corresponding gas. A 

solution of 50 μL of either CoP or Co2P ink was dropcast on nickel foam (1.0×1.2 cm), 

denoted as CoP-NF and Co2P-NF, respectively. Before electrochemical testing, the Co2P 

electrodes were treated by 6 continuous cycles in the potential range of 1.0 to 1.8 V vs. 

RHE at 10 mV/s. The polarization curves were obtained with a scan rate of 5 mV/s. The 

generated gas was sampled using a gas-tight syringe (50 μL) and analyzed by gas 

chromatography (GC, Agilent 6890) with a thermal conductivity detector and nitrogen 

carrier gas.  

2.3 Results and Discussions  

    We prepared the monodisperse colloidal CoP and Co2P NCs by modifying a previous 

method.[47]  Inductively coupled plasma mass spectroscopy (ICP-MS) was used to 

determine the exact composition of the cobalt phosphide NCs synthesized at temperatures 

of 320 ℃ and 280 ℃. The atomic ratios of cobalt to phosphide of 1.02 and 1.97, 

respectively, confirm the formation of CoP and Co2P (Table S2.1, Appendix A). The color 

of the CoP and Co2P NCs dissolved in hexane is black and green, respectively (Figure S2.1, 

Appendix A). Figure 2.1a shows the X-ray diffraction (XRD) patterns of CoP and Co2P 

NCs. Both the experimental XRD patterns match well with their orthorhombic structures 

(ICDD PDF: 03-065-1474 for CoP and ICDD PDF: 03-065-2381 for Co2P). The CoP 

consists of face-sharing CoP6 octahedra and edge-sharing PCo6 trigonal prisms (Figure 

2.1b), while Co2P shows edge-sharing CoP4 tetrahedra and CoP5 pentahedra (Figure 2.1c). 

https://en.wikipedia.org/wiki/Inductively_coupled_plasma_atomic_emission_spectroscopy
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Hence, abundant P and Co atoms are exposed on the surface of CoP and Co2P, respectively. 

Transmission electron microscopy (TEM) images of the as-synthesized CoP (Figure 2.1d) 

and Co2P NCs (Figure S2.2a, Appendix A) show highly uniform spherical morphology 

with the average size of 20 ± 2 nm and 22 ± 2 nm, respectively. As shown in Figure 2.1e, 

two sets of lattice fringes are clearly observed, giving interplane distances of 0.16 and 0.24 

nm corresponding to the (01̅3) and (1̅02) planes of orthorhombic CoP. The observed angle 

between the (01̅3) and (1̅02) planes is 60.8°, very close to the theoretical value of 61.2°. 

This means the exposed facet of CoP NCs is {211} (Figure S2.3a, Appendix A), which is 

also confirmed by the fast Fourier transform image taken from the selected area (inset of 

Figure 2.1e). In contrast, as for the Co2P NCs, (1̅03) and (11̅1) planes with lattice fringes 

of 0.21 and 0.27 nm, respectively, are observed on the surface, and the angle between them 

is 83.6° (Figure S2.2b, Appendix A). This indicates that the {211} is also the dominant 

facet on the surface of the orthorhombic Co2P (Figure S2.3b, Appendix A). The spherical 

features of the CoP NCs can be clearly observed in the high-angle annular dark-field 

scanning TEM (HAADF-STEM) (Figure 2.1f). Figure 2.1g and h show the elemental 

mapping of an individual nanocrystal obtained by HAADF-STEM-EDS, where Co and P 

elements were both homogeneously distributed throughout the whole nanocrystal. The Co 

2p core level region X-ray photoelectron spectroscopy (XPS) of CoP NCs shows two peaks 

at 781.1 eV and 787.7 eV, which corresponds to the Co-P bond and Co2+ state, respectively 

(Figure S2.4a, Appendix A). The Co2+ is originated from the surface cobalt oxide species 

caused by the unavoidable surface oxidation during the washing process. The Co 2p3/2 

binding energy of 781.1 eV is positively shifted from that of Co metal (778.2 eV), 

http://onlinelibrary.wiley.com/doi/10.1002/adma.201205315/full#fig2
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indicating the Co has a partial positive charge in CoP NCs owing to the electron density 

transfer from Co to P. Simultaneously, there is a negative shift for the P 2p3/2 binding 

energy (129.6 eV) of the CoP NCs when compared to that of the element P (130.0 eV) 

(Figure S2.4b, Appendix A). This further confirms that the phosphorus atoms pull the 

valence electron density from the Co atoms in the CoP NCs. The relatively weak XPS peak 

located at 133.2 eV is ascribed to the phosphate species. In addition, the Co 2p3/2 binding 

energy of 778.7 eV for Co2P NCs is smaller than that of the CoP NCs (781.1 eV) (Figure 

S2.5, Appendix A), suggesting that the higher phosphide content is more favorable to 

electron delocalization in the metal sublattice of the phosphide.  

 
Figure 2.1 (a) XRD patterns and (b, c) crystal structures of CoP and Co2P NCs. d) TEM, e) HRTEM, 

(f) HAADF-STEM, and (g, h) elemental mapping images of CoP NCs. Inset of (e) is the 

corresponding  fast-Fourier transform (FFT) image. 
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To study the ORR catalytic activity, the as-prepared catalyst inks were first loaded onto 

a glassy carbon electrode to investigate the cyclic voltammetry (CV) behavior in an O2- or 

N2-saturated 0.1 M KOH solution using a three-electrode system. In comparison with the 

electrochemical response in N2-saturated solution, both CoP and Co2P display an apparent 

oxygen reduction peak in O2-saturated electrolyte (Figure 2.2a), indicating a high intrinsic 

ORR activity. Notably, the CoP shows a more positive ORR onset potential (0.92 V vs. 

RHE) with higher cathodic current than the Co2P (0.86 V vs. RHE). The linear sweep 

voltammogram (LSV) measurements were performed on rotating ring-disk electrode 

(RRDE) at 1600 rpm and the ring electrode potential was fixed at 1.5 V vs. RHE (10 mV/s). 

As shown in Figure 2.2b, the CoP shows a relatively high diffusion-limiting current density 

(4.64 mA/cm2) and a half-potential (0.858 V), both of which are close to those of Pt/C, 

while Co2P possesses lower values (3.48 mA/cm2 and 0.839 V). Meanwhile, the Tafel slope 

of CoP is as small as 72.1 mV/dec, just slightly higher than that of Pt/C (68.2 mV/dec) 

(Figure S2.6, Appendix A). The excellent ORR performance of the CoP NCs is superior or 

comparable to the recently reported phosphide-based ORR catalysts (Table S2.4, Appendix 

A). The limited current density increased with increasing rotation speed and the 

corresponding Koutechy-Levich (K-L) plots exhibit a good linearity (Figure S2.7, 

Appendix A), suggesting first-order reaction kinetics with respect to the concentration of 

dissolved oxygen for CoP. From the slopes of the K-L plots, the average electron transfer 

number is 3.89, confirming that the reaction on the CoP electrode involves a direct four-

electron oxygen reduction process. 
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Figure 2.2 (a) CVs of CoP and Co2P in O2- and N2-saturated 0.1 M KOH solution. (b) LSVs of 

CoP, Co2P, and Pt/C in O2-saturated KOH solution at 1600 rpm. (c) Chronoamperometric response 

of CoP, Co2P, and Pt/C at a potential of 0.7 V vs. RHE (900 rpm). (d) Schematic of the basic 

configuration of a primary zinc-air battery. (e) Polarization and power density curves. (f) 

Photograph of an LED (1.8 V) powered by two CoP-based zinc-air button battery in series. 

    Based on the high limited current density of the disk electrode and negligible one for the 

Pt ring electrode (Figure 2.2b), the calculated percentage of HO2
− generated on CoP in the 

whole scan range is below 10 %, whereas for Co2P the percentage of HO2
− reaches as high 

as 20% (Figure S2.8, Appendix A). The corresponding electron transfer number (n) for 

CoP is between 3.87 and 3.97, while for Co2P it is between 3.60 and 3.92. These values 
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are in good agreement with the reported n from the K-L plots. Furthermore, the 

chronoamperometric response demonstrates high durability for the CoP and Co2P catalysts, 

which only show a slight cathodic current attenuation of 4.3% and 6.0% within 30 h, 

respectively (Figure 2.2c). In comparison, more than 12% of the initial activity is lost for 

the Pt/C catalyst, indicating a superior ORR stability for the cobalt phosphide NCs than 

that of the commercial Pt/C. 

 Considering the decent ORR activity of the CoP NCs, we explored the possibility of 

using CoP as an air cathode in a primary zinc-air battery with a coin-type cell (Figure 2.2d). 

The open circuit potential (OCP) of this two-electrode primary zinc-air battery is as high 

as 1.34 V (Figure 2.2e), further confirming the excellent catalytic performance of CoP, 

even in this cell configuration. Figure 2.2e depicts its polarization and power density 

curves. At potentials of 1.0 and 0.8 V, the battery delivers a relatively high current density 

of 31.8 and 66.7 mA/cm2, respectively. Its maximum power density is about 61 mW/cm2. 

Both the current density and power density show enhancement over early zinc-air battery 

designs,[37,48,49] although the performance is still inferior to batteries based on Pt/C. 

Furthermore, nearly no potential drop was observed under galvanostatic discharge for 12 

h at 10 mA cm−2. A 2.1% drop after 12 h at 30 mA cm−2 was observed (Figure S2.9, 

Appendix A), which may be the result of a slight degradation of the zinc anode. Two zinc-

air button batteries based on CoP catalysts were integrated in series to power a red light-

emitting diode (LED, 1.8 V) (Figure 2.2f).  

http://www.nature.com/nnano/journal/v10/n5/full/nnano.2015.48.html#supplementary-information
http://www.nature.com/nnano/journal/v10/n5/full/nnano.2015.48.html#f4
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To better understand the excellent ORR activity of cobalt phosphide NCs and try to find 

the reasons for the discrepancy between CoP and Co2P, we utilized density functional 

theory (DFT) to investigate the free energy of the four-electron ORR mechanism. The 

adsorbed O2 molecule on the ORR electrocatalyst surface will either dissociate into two O 

atoms through the oxygen dissociative mechanism, or associate with H2O to form an OOH* 

intermediate by an associative mechanism. The activation energy (Ea) of the O2 

dissociation reaction is 0.42 eV and 0.47 eV on the CoP (211) and Co2P (211) surfaces, 

respectively (Table S2.2, Appendix A). By contrast, the Ea of the O2 hydrogenation 

reaction is calculated to be 0.19 eV on the CoP (211) and 0.25 V on the Co2P (211) surface. 

As a consequence, the O2 hydrogenation reaction has much lower activation energy than 

the O2 dissociation on the two (211) surfaces, indicating the O2 hydrogenation mechanism 

should be the most favorable pathway for the ORR on both CoP and Co2P. Figure 2.3 

shows free-energies of various oxygen-containing intermediates on the preferably exposed 

(211) plane of CoP and Co2P. When the electrode potential is 0 V, which corresponds to a 

short circuit condition of fuel cells, all the elemental steps are exothermic. As the electrode 

potential increased to 1.23 V, the open circuit condition of fuel cells, the first three steps 

are still nearly downhill, but the last OH* desorption step is clearly endothermic. The 

corresponding ΔG value is 2.40 eV and 4.23 eV for CoP and Co2P, respectively, indicating 

that this step is the most sluggish one and represents the rate-determining step in the overall 

ORR process. The higher ΔG value for Co2P is due to the stronger binding strength of OH* 

(-0.73 eV) on the cobalt active sites of Co2P as compared to that of CoP (-0.27 eV) (Table 

S2.2, Appendix A). We conclude that the high phosphide content is beneficial to overcome 
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the sluggish OH* desorption step, and this is attributed to the fact that P atoms, with high 

electronegativity, can draw electrons from Co atoms and subsequently weaken the binding 

force between the adsorbed OH* and the surface Co atoms. With an increase of ORR 

overpotential, CoP and Co2P show a downhill trend for all elemental steps at 0.89 and 0.82 

V.  This corresponds to a minimum ORR overpotential of 0.34 and 0.41 V, respectively, 

which matches well with the above experimental ORR results. 

 
 

Figure 2.3 Free energy diagrams for ORR at different electrode potential on (a) CoP (211) surface 

and (b) Co2P (211) surface through oxygen associative mechanism.  

    We further investigated the HER and OER activity of the as-prepared electrodes in 1 M 

KOH solution. The CoP affords a current density of 10 mA/cm2 (j10) at a small 

overpotential (η10) of 62.5 mV for HER, which is close to the η10 (54.6 mV) of state-of-

the-art Pt/C, and smaller than that of Co2P (75.5 mV) (Figure 2.4a). This small η10 is 

superior to that of most of the transition-metal phosphide based HER catalysts in alkaline 
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solution, such as np-(Co0.52Fe0.48)2P (η10 = 75 mV),[50] Ni0.51 Co0.49P (η10 = 82 mV),[51] Ni2P 

(η10 = 220 mV),[52] Ni5P4 (η10 = 150 mV),[53] Co-P (η10 = 94 mV),[54] CP@Ni-P (η10 = 117 

mV),[55] Co/CoP (η10 = 253 mV),[56] CoFePO (η10 = 87.5 mV),[57] and hollow CoP 

nanoparticle/N-doped graphene (η10 = 83 mV),[58] and even comparable to many of the 

recently developed non-noble catalysts (Table S2.5, Appendix A). As shown in Figure 2.4b, 

the Co2P shows higher OER activity (η10 = 280 mV) than the CoP (η10 = 330 mV) and 

RuO2/C (300 mV). The detailed comparison of activity on various earth-abundant OER 

electrocatalysts is shown in Table S2.6 (Appendix A). The excellent activity of CoP for 

HER and Co2P for OER is also supported by their favorable kinetics (Figure S2.10 and 

2.11, Appendix A). Both the CoP and Co2P electrodes show excellent durability over 60 h 

of operation with nearly negligible activity degradation (Figure S2.12, Appendix A). The 

structural and compositional stability of post-HER CoP NCs were confirmed by the TEM 

image (Figure S2.13, Appendix A) and XPS spectra (Figure S2.4, Appendix A).  

The superior HER activity of CoP over Co2P is consistent with previous reports and is 

attributed to the high P content that is in favor of the adsorption and dissociation of water 

molecules on the cobalt phosphide surface. This reduces the reaction barrier of the rate-

determining step in alkaline solution, which is confirmed by the DFT calculation results. 

Figure 2.4c shows the free energy change of H* adsorption (ΔGH*) on the exposed (211) 

plane. For both the CoP and Co2P, four possible H* adsorption configurations (denoted as 

a, b, c, d) on the CoP and Co2P (211) surface that form the top Co-H bonds are identified 

(Figure S2.14 and 2.15, Appendix A). This indicates that the exposed Co atoms on the 

high-index (211) plane are truly active sites, which is different from previous results that 
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suggested the P atoms are the main active sites for H* adsorption on the low-index (001) 

or (011) surface of transition metal phosphide catalysts. The absolute adsorption free 

energies of all the “a-c” single-Co sites on the CoP (211) surface fall inside of  0.1 eV, 

which is much smaller than the corresponding ones on the Co2P (211) surface. This is well 

matched with the experimental results that the HER activity of CoP is much higher than 

that of Co2P. In fact, the ΔGH* of all active sites (a-d) on Co2P (211) are large negative 

values that are far away from the thermal-neutral position, indicating the H* adsorption on 

double and triple-Co sites of Co2P is too strong, resulting in a high energy barrier for H* 

detachment. The small positive ΔGH* for CoP demonstrates that the high P content in cobalt 

phosphide can alleviate the strong H* adsorption on the Co active sites and achieve a 

balance of H* adsorption and dissociation.  

In contrast, the CoP exhibits inferior OER activity compared with the Co2P in alkaline 

solution. This is ascribed to the high surface coverage of Co atoms on the Co2P surface that 

are more easily converted into abundant Co2P@CoOOH heterojunctions (Figure S2.16a, 

Appendix A), which are regarded as the true active species for OER.[59] The line-scan EDS 

across the single post-OER Co2P NC shows that the phosphorus and oxygen are mainly 

located at the core and shell of the nanocrystal, respectively, further confirming the evolved 

Co2P@CoOOH core-shell structure (Figure S2.16b, Appendix A). The XPS peak area of 

Co-P shows a clear decrease following OER, while the peak corresponding to the cobalt 

oxides species shows an increase. This indicates the structural evolution from metal 

phosphide to metal oxides or oxyhydroxides (Figure S2.5, Appendix A). Additional proof 

of the formation of oxyhydroxide was provided by Raman spectroscopy (Figure S2.17, 
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Appendix A), showing two peaks at 470 cm-1 and 550 cm-1, which are ascribed to the Co-

O bending and stretching vibrations of CoOOH, respectively.[53,60] It should be noted that 

the amorphous CoOOH shell layer is beneficial to prevent complete oxidation of the Co2P 

core even after OER for 24 h. This not only ensures the intrinsic conductivity, but also 

keeps high reaction kinetics (Figure S2.18, Appendix A). Furthermore, the electrochemical 

double-layer capacitance (Cdl) of Co2P is 13.72 mF/cm2, about three times that of CoP (4.56 

mF/cm2) (Figure S2.19, Appendix A), confirming the high electrochemical active surface 

area on Co2P for OER. 

    Based on the impressive HER activity of CoP and OER activity of Co2P, we constructed 

an alkaline electrolyzer by using CoP on nickel foam (CoP-NF) as the cathode and Co2P 

on nickel foam (Co2P-NF) as the anode (Figure S2.20, Appendix A). As shown in Figure 

2.4d, the CoP-NF||Co2P-NF electrolyzer achieves a current density of 10 mA/cm2 at 1.56 

V. This outperforms or is comparable to many recently reported electrolyzers based on 

non-noble metal oxides/hydroxides, chalcogenides, and phosphides (Table S2.7, Appendix 

A). Although the Pt/C-NF||RuO2/C-NF electrolyzer has a smaller onset potential and 

achieves the j10 at a lower potential (1.54 V), the CoP-NF||Co2P-NF is able to surpass the 

Pt/C|-NF||RuO2/C-NF when the applied voltage is larger than 1.65 V. In addition, the CoP-

NF||Co2P-NF couple maintains excellent stability under different current densities (10, 20, 

and 40 mA/cm2) for 20 h in total (Figure S2.21, Appendix A). The CoP-NF||Co2P-NF 

electrolyzer can be powered by two CoP-based zinc-air button battery in series and 

appreciable gas bubbles are sustainably produced in two separate chambers (Figure 2.4e). 

Under the stable current density of 20 mA/cm2 (with a 50 Ω resistor), the generated 
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amounts of H2 and O2 are close to the calculated ones from the passed charge (Faradaic 

efficiency = 95.8%), and their ratio is nearly 2:1 (Figure 2.4f). 

 

Figure 2.4 Electrochemical performance of CoP, Co2P and Pt/C or RuO2/C in 1.0 M KOH. 

Polarization curves for (a) HER and (b) OER. (c) Calculated free energy of the hydrogen 

intermediate over the highly exposed (211) surface of CoP and Co2P. (d) Polarization curves 

obtained in a two-electrode configuration (5 mV/s). (e) Optical image of the self-powered water 

splitting system consisted of CoP-based zinc-air button battery and CoP-NF||Co2P-NF based 

alkaline electrolyzer. (f) The amount of H2 and O2 theoretically calculated and experimentally 

measured versus time. 
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2.4 Conclusion 

In summary, we have synthesized highly monodisperse cobalt phosphide (CoP and Co2P) 

NCs with spherical morphology and uniform size. CoP NCs exhibit a highly exposed (211) 

plane and show excellent ORR performance, which from DFT results is due to unique role 

of abundant P sites. CoP NCs can be employed as an air cathode in zinc-air button battery 

which displays a peak power density of 61 mW/cm2. Furthermore, the η10 for HER is as 

low as 62.5 mV, and the η10 for OER is as low as 280 mV. Remarkably, the CoP-NF||Co2P-

NF electrolyzer only needs a cell voltage of 1.56 V to deliver a j10, which even surpasses 

the Pt/C-NF||RuO2/C-NF in catalyzing overall water splitting when the applied potential is 

larger than 1.65 V. Furthermore, the CoP-NF||Co2P-NF electrolyzer can be powered by the 

zinc-air battery with CoP air cathode, indicating that the trifunctional cobalt phosphide 

catalysts show great potential in practical energy conversion and storage. 
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3 PHOSPHORUS-RICH COLLOIDAL COBALT 

DIPHOSPHIDE (CoP2) NANOCRYSTALS FOR 

ELECTROCHEMICAL AND 

PHOTOELECTROCHEMICAL HYDROGEN 

EVOLUTION 

3.1 Introduction 

    Photoelectrochemical (PEC) water splitting to produce hydrogen is a promising pathway 

for renewable energy generation and conversion.[1,2] A photocathode is generally 

composed of a p-type semiconductor as a light absorber coupled with an electrocatalyst for 

the hydrogen evolution reaction (HER).[3] P-type silicon (p-Si), with a narrow band gap of 

1.1 eV, is considered to be one of the most promising candidates for PEC water splitting.[4,5] 

Advantages of p-Si include a suitable conduction band edge level respect to HER, a high 

earth abundance, and a well-established production technology. However, low 

photovoltage, slow interfacial charge transfer, and sluggish HER kinetics limit its solar-to-

hydrogen (STH) efficiency and lead to its vulnerability to photocorrosion which causes 

instability under illumination.[6-8] Overcoming these obstacles requires both incorporation 

of an efficient HER catalyst on the surface and the addition of conformal passivation layers 

that efficiently aid in charge separation and conduction. The HER cocatalyst is a key 

component in the photocathode system because it not only can accelerate the charge 

separation and transportation rate, but it also provides abundant active sites for producing 

H2.
[9] Although platinum-based materials remain the best electrocatalysts for HER, high 
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cost and scarcity are bottlenecks for their large-scale development. In recent years, 

tremendous efforts have been devoted to develop earth-abundant and acid-stable HER 

catalysts with comparable catalytic activity, including transition metal chalcogenides,[10,11] 

nitrides,[12] carbides,[13,14] phosphides,[15-17] and phosphochalcogenides.[18,19] Among them, 

transition metal phosphides (TMPs) exhibit excellent electrical conductivity, which is 

crucial for electron transportation during the HER electrochemical process.[20] 

Simultaneously, electron delocalization originating from the M-P donor-acceptor nature 

varies with the phosphide content and subsequently affects the interaction between 

electron-rich phosphide and aqueous protons (H+) in acidic solution.[21] It is generally 

accepted that higher phosphide content is able to promote the adsorption of protons on the 

low-index surface of TMPs and optimize the hydrogen adsorption free energy (ΔGH*) 

towards zero.[22-24] Despite a few reports on phosphorus-rich TMPs for electrocatalytic 

hydrogen evolution,[25-28] systematic comparison for metal-rich and phosphorus-rich 

TMPs-based electrocatalysts have been rarely studied, which retards the understanding of 

the electronic and geometric effects of phosphorus on the HER activity. 

For PEC water reduction, an effective HER catalyst must be coupled with a device 

architecture that efficiently separates and transports the photogenerated charges and 

accelerates the hydrogen production rate. Incorporation of a high level of surface n-dopant 

is able to decouple the band bending in the p-Si from the semiconductor-liquid junction to 

form an n+p built-in depletion region, which positively shifts the onset potential and 

increases the photovoltage of the p-Si photocathode.[6,29] Low-temperature solution-

processed metal oxides with high conductivity and transparency, such as aluminum doped 
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zinc oxide (AZO),[30] tin oxide (SnOx),
[31] and metal doped titanium oxide (M-TiOx),

[32] 

have been demonstrated as electron transport materials (ETMs) for accelerating the photo-

generated charge separation and transportation in photovoltaics, as well as reducing the 

required overpotential for driving chemical reactions in p-type photocathodes.[33] However, 

solution processing leads to variable thickness and poor conformality which severely limit 

the stability of the photocathode. The use of an ultrathin AZO film deposited by atomic 

layer deposition (ALD) has been reported to act as an ETM when forming a p-n junction 

with Cu2O and to improve the output photocurrent by aiding in the extraction of the 

photogenerated electrons from Cu2O.[34] It also acts as a buffer layer for enhancing the 

protective role of the subsequent ALD TiO2 film. However, the application of such ALD 

bilayers for surface passivation still remains rare for photoelectrodes in the PEC field.[35,36] 

In this work, to achieve stable performance and efficient carrier extraction with p-Si, the 

successive layers of ALD AZO and TiO2 are added to increase the photovoltage and 

stability of the p-Si photocathode under the harsh PEC conditions.   

We report a modified hot injection method to synthesize high P content colloidal CoP2 

NCs with size and element uniformity. The CoP2 NCs exhibit greatly enhanced catalytic 

performance compared to the common low P alternatives, with a hydrogen evolution 

reaction (HER) activity  approaching that of the benchmark Pt system and excellent 

stability in acidic solution. The use of the NCs as PEC catalysts is demonstrated in a p-

Si/AZO/TiO2/CoP2 hybrid photocathode, in which the AZO and TiO2 layers are deposited 

by atomic layer deposition (ALD) to achieve corrosion resistance, fast interfacial electron 

transfer, and a high-photovoltage. Although various transition metal chalcogenides have 
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been applied as earth-abundant cocatalysts on photocathodes,[9,37] few TMPs 

electrocatalysts have been reported to couple efficiently with p-type semiconductors in the 

PEC systems.[38-40] 

3.2 Experimental Sections 

Synthesis of cobalt phosphide (CoP2) NCs. OAm (4 mL) and ODE (6 mL) were added 

into a 50-mL three-neck, round bottom flask containing a stirring bar (Figure S3.1, 

Appendix B). This solution was placed under vacuum at 120 C to degas for 1 hour to 

remove the low boiling point impurities and oxygen. After the solution was placed under 

nitrogen, 3 mL of TOP was injected into the flask. The solution was heated to 320 C at a 

rate of 10 °C/min and kept at this temperature for 30 min. Meanwhile, a second precursor 

solution comprising of 0.5 mmol (0.128 g) of Co(acac)2, 2 mL OAm, and 0.5 mL OA was 

degassed under vacuum 120 C for 30 min in a 40 mL vial with a septum cap in an oil bath. 

This solution was cooled to room temperature and then rapidly injected into the reaction 

flask at 320 C. Following the initial temperature drop, the solution was maintained at ~280 

C for 1 h and then cooled to room temperature. The reaction mixture was centrifuged at 

6000 rpm for 6 min. The isolated precipitate was re-suspended in hexane, then acetone and 

methanol were added to create a 1: 6: 1 (v:v:v) hexanes: acetone: methanol solution to 

cause aggregation of the NCs. The resulting cloudy solution was centrifuged. This isolated 

solid was redissolved in hexane and the process repeated an additional three times. Finally, 

the product was dispersed in hexane (2 mg/mL). For comparison, Co2P and CoP NCs were 

synthesized by co-heating the combined precursors as in our previous work. 
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Materials Characterizations. All the basic physical characterizations, such as ICP-MS, 

XRD, TEM/HRTEM, and XPS, are same with that in chapter 2. The electrical transport 

property measurements were carried out on pressed pellets using a Keithley 4200-SCS 

semiconductor characterization system and the four-point probe method. Co K-edge X-ray 

absorption fine structure (XAFS) measurements were made at the beamline 14W1 in 

Shanghai Synchrotron Radiation Facility (SSRF), China. P K-edge XAFS measurement 

were performed at beamline 4B7A in Beijing Synchrotron Radiation Facility (BSRF), 

China. The X-ray was monochromatized by a double-crystal Si (111) monochromator. The 

extended XAFS (EXAFS) data were processed according to the standard procedures using 

the WinXAS3.1 program. Theoretical amplitudes and phase-shift functions were 

calculated with the FEFF8.2 code using the crystal structural parameters of the Co foil. The 

fitted ranges for k and R spaces were selected to be k = 3.0-11.5 Å−1 and R = 1-3 Å (k3 

weighted), respectively. X-ray absorption near-edge structure (XANES) calculation was 

based on self-consistent multiple-scattering (MS) methods, and was carried out using the 

FEFF8.2 code. For the exchange correlation part of the potential, the Hedin-Lundqvist (H-

L) model was employed. The experimental absorption coefficients as function of energies 

μ(E) were processed by background subtraction and normalization procedures, and 

reported as “normalized absorption”. The electron paramagnetic resonance (EPR) 

spectrum of the samples was recorded on a JES-FA200 electron spin resonance 

spectrometer to confirm the Ti3+ trap states in ALD TiO2 films under different post-

treatment. Optical transmission measurements were performed using a Shimadzu 3600 

UV–Vis-NIR spectrophotometer. To perform the optical absorption measurements, the 
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sample was placed inside an integrating sphere and illuminated with white light from a 300 

W xenon lamp. All light that was not absorbed was collected and measured using an Ocean 

Optics Jaz EL 200-XR1 spectrometer. Reflection data were calculated assuming that the 

absorbed, transmitted, and reflected light fractions sum to one. For the time-resolved 

photoluminescence measurements, the lifetime decays were measured using an inverted-

type scanning confocal microscopy (MicroTime-200, Picoquant, Germany). A single-

mode pulsed diode laser (800 nm with a pulse width of 100 ps and output power of 0.5 

mW) was used as the excitation source. Time-integrated photoluminescence was detected 

by an avalanche photodiode detector (PDM series, MPD).  

Catalyst inks Preparation. The as-synthesized NC solution (5 mL at 2 mg/mL) was 

mixed with an equal amount by weight of Ketjen carbon (C) support (10 mg) in a 20 mL 

vial. This colloidal mixture was sonicated for 1 h to ensure complete distribution of NCs 

onto the carbon support. After evaporation of the volatile hexane, 5 mL of acetic acid was 

added to the NC/C solid and heated for 12 h at 60 ℃. The dispersion was cooled down to 

room temperature. Ethanol (8 mL) was added and the mixture was centrifuged at 5000 rpm 

for 5 min. This procedure was repeated three times. Finally, the solid NCs/C was then re-

dispersed in a mixture of deionized water, isopropanol, and Nafion 117 solution (v:v:v=4: 

2: 0.05) to form a catalyst ink (2 mg/mL), 100 μL of which was deposited on the glassy 

carbon working electrode (D = 5 mm) to form a catalyst film with a loading amount of 

about 1.0 mg/cm2 and dried at ambient conditions. In addition, the same amount by weight 

of commercial Pt/C catalyst ink was prepared for comparison. 
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Fabrication of hybrid photocathode. Si wafers with resistivity of 1-100 Ω cm-1 (p-type, 

B-doped) were cut into 2 × 1.5 cm2 pieces. Bare photocathodes were etched with 5 wt% 

hydrochloric acid to leave a thin SiO2 layer for nucleation of the atomic layer deposition 

layer, and rinsed with deionized water immediately before the next deposition or PEC 

measurement. The backside of each p-Si based photocathode was scratched and painted 

with a gallium indium eutectic for good electrical contact.  Both the Al:ZnO (AZO) and 

TiO2 surface protective layers were deposited on the p-Si by a GEMSTAR-6 atomic layer 

deposition (ALD) system. Diethylzinc (DeZn), trimethylaluminum (TMA), titanium (IV) 

isopropoxide, and distilled water (H2O) were used as precursors of Zn, Al, Ti, and O, 

respectively. The ALD of AZO was carried out at a substrate temperature of 175 ℃. Each 

precursor was held in the chamber for 2.2 seconds, followed by an 18.5 second nitrogen 

purge. AZO was deposited by running 1 cycle of TMA and H2O after 20 cycles of DeZn 

and H2O. This process was repeated 6 times to obtain a 20 nm AZO film. The growth rate 

per cycle was identified by X-ray reflectivity on films deposited on optically polished 

silicon wafers with a native surface oxide. The growth rate was 1.6 Å/cycle for ZnO and 

1.2 Å/cycle for Al2O3. Titanium dioxide (TiO2) was deposited at 200 ℃. Each precursor 

was held in the chamber for 4.0 seconds followed by a 23.0 second nitrogen purge. The 

growth rate for TiO2 was 0.28 Å/cycle at 200 ℃. Finally, the CoP2 NC cocatalyst layer 

was deposited by layer-by-layer spin coating using 100 μL of the CoP2 NCs solution (50 

mg/mL) in hexane for each cycle. The spin-coating was carried out at 3000 rpm for 45 s, 

followed by annealing at 300 ℃ for 20 min in a tube furnace under a flow of 5 % H2/N2 

gas to partially remove surface organic ligands. This spin coating process was repeated 5 



63 
 

 

 

 

 

times. The total mass of CoP2 catalyst layer was 6.2 mg. For comparison, a Pt cocatalyst 

layer was also deposited through conventional electrochemical deposition method in a 

solution containing 2 mM H2PtCl6 and 0.1 M HClO4 by applying a constant potential of -

0.4 V versus Ag/AgCl for 3 min. The deposited amount of Pt by electrodeposition is 6.5 

mg which is similar to that of the CoP2 layer.      

(Photo)electrochemical measurements. All the fundamental electrochemical 

measurements are same with that in chapter 2. The photoelectrochemical activity of the 

photocathodes was measured in a home-made PEC reactor (Figure S3.2, Appendix B) with 

a three-electrode system. The prepared p-Si/AZO/TiO2/CoP2 served as the working 

electrode, a platinum plate as the counter electrode, and Ag/AgCl as the reference electrode. 

A Nafion 117 membrane was inserted into the PEC reactor to separate the working and 

counter electrodes. The electrolyte was a 0.5 M H2SO4 acidic solution. A 300 W Xenon 

arc lamp (Newport) equipped with an AM-1.5G filter was used to simulate the solar 

spectrum. The light intensity was calibrated to 100 mW/cm2 through a Newport 843-R 

power meter. The geometric area of the photocathode under light illumination was 

measured and maintained at nearly 1 cm2. Photocurrent stability measurements were also 

carried out at a fixed electrode potential of 0 V vs. RHE. Faradaic efficiency for hydrogen 

production measurements were conducted at a constant potential of 0 V vs. RHE under 

simulated solar illumination (AM-1.5G, 100 mW/cm2). The incident photoelectron 

conversion efficiency was measured by a specially designed IPCE system (Zolix Solar Cell 

Scan 100) with a 150 W Xe lamp and a monochromator (Oriel Cornerstone 130). The 

generated gas was sampled using a gas-tight syringe (50 μL) and analyzed by gas 
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chromatography (GC, Agilent 6890) with a thermal conductivity detector and argon carrier 

gas. The Faradaic efficiency can be calculated using the equation FE% =  
𝑛𝐻2

𝑄
2𝐹⁄

 , where F 

is the Faradaic constant, Q is the total charges passed through the cell, and nH2 is the total 

amount of hydrogen produced. Photoelectrochemical impedance spectroscopy (PEIS) was 

performed at 0 V vs. RHE under AM-1.5G illumination over a frequency range of 105 to 

0.1 Hz with an AC voltage of 10 mV. 

3.3 Results and Discussions 

 HER activity has been demonstrated to be strongly correlated with the chemisorption 

energy of atomic hydrogen to active sites of the electrocatalyst surface.[41,42] Based on the 

existing link between high P content and HER performance in Co2P and CoP,[43] density 

functional theory (DFT) was used to calculate the free energy for atomic hydrogen 

adsorption (ΔGH*) on CoP2. Low index (001) and high index (211) facets were selected as 

representative surfaces. While low miller index surfaces usually possess higher stability, 

nanostructured cobalt phosphide NCs have shown tendencies to expose high index 

surfaces.[43,44] 

The calculated free energy for atomic hydrogen adsorption on both (001) and (211) 

surfaces of CoP2 are shown in Figure 3.1c and d, respectively, and labelled according to 

Figure 3.1a and b. Complete structures and energies are provided in Table S3.1 and Figure 

S3.4 and S3.5 (Appendix B). Norskov et al. showed that the closed packed cobalt typically 

displays a large negative ΔGH* (-0.4 eV), which implies a high energy barrier for hydrogen 

desorption process.[41] However, for high P content, the increased distance between Co 
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atoms prevents the three-fold coordination of H that occurs on the FCC site of the Co (111) 

surface, and in fact all but one Co-H site identified exhibits a single Co-H bond. 

Correspondingly, Co-H sites on both (001) and (211) surfaces of CoP2 show a more 

positive ΔGH* compared to H adsorbed on cobalt metal. For the (001) surface, the Co-H 

bond has a relatively high |ΔGH*| and the P sites appear to be more active, consistent with 

calculations for CoP.[45] The ΔGH* is consistently lower for (211) where three sites have 

absolute ΔGH* below 100 meV. Notably, the absolute ΔGH* of 0.019 eV for the Co3 site is 

smaller than that of all Co sites on Co2P and CoP reported in our previous work (Figure 

S3.6, Appendix B)[43] and much smaller than that of the state-of-the-art Pt (0.09 eV).[46]  

We attribute the near ideal Co-H energetics on the (211) CoP2 facet to the dual role of 

P as (1) a structural modifier that isolates Co atoms on the surface to limit H coordination 

and (2) a hydrogen bond stabilizer via direct and indirect influences on the charge 

distribution. The first role is seen for both the (001) and (211) facets, as the Co atoms are 

sufficiently dispersed on the surface to limit the H coordination. For H-Co sites on the (211) 

plane, the H atoms bend towards P (Figure 3.1e), with the distance between H and the 

nearest P going as low as 155 pm for the Co3 site (the van der Waals radius of phosphorus 

and hydrogen are 190 and 120 pm, respectively).[47] On the (001) surface the shortest 

distance between adsorbed hydrogen and the nearest phosphorus is 255 pm. Bader charge 

analysis (Table S3.2, Appendix B) was conducted to measure the change in electron density 

due to adsorption of the H atom. The cobalt sites on (211) show up to a 94% increase in 

Bader charge on the nearby P after adsorption, while minimal change was observed for the 

cobalt sites on (001) surface. In addition to tuning the Co-H adsorption energy via the 
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mechanisms above, having close proximity between two adsorbed H atoms, one on P and 

one on Co, could play a key role in the high HER activity of CoP2. In a word, the DFT 

calculations have established that the phosphorus-rich CoP2 is an attractive target for 

synthesis, with a large number of states with lower absolute ΔGH* than the previously 

reported Co2P and CoP.[43] 

 
Figure 3.1 (a) Low index (001) and (b) high index (211) surface with the atomic labels used for 

site description and Bader charge analysis. (c, d) Binding sites and calculated free energy of the 

hydrogen intermediate on the low-index (001) and high index (211) surfaces of CoP2, respectively. 

(e) Comparison of P stabilization for (001) and (211) surfaces. 

In general, co-heating of transition metal precursors and TOP is a robust route to 

controllably synthesize monodisperse, colloidal TMP NCs.[43,48] However, achieving a 

higher phosphorus content is a challenge for the co-heating method because the slow 
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decomposition rate of TOP to generate phosphine severely limits the balance of Co and P 

during the nucleation and growth stages.[43] Instead, a hot injection method was used to 

synthesize CoP2 NCs. Briefly, the dissolved Co(acac)2 precursor was swiftly injected into 

a pre-heated TOP solution at 320 C with the goal of promoting a high initial concentration 

of the reactive phosphine intermediate to form P-rich CoP2 NCs. For comparison, co-

heating was applied to prepare Co2P and CoP NCs as reported in our previous work.[43] 

Inductively-coupled plasma mass spectroscopy (ICP-MS) gives an atomic ratio of cobalt 

to phosphorus of 0.49 (Table S3.3, Appendix B), and energy-disperse X-ray spectroscopy 

(EDS) of CoP2 shows a Co:P ratio of 0.52 (Figure S3.7, Appendix B). The X-ray diffraction 

(XRD) pattern of CoP2 NCs is highly matched with the monoclinic structure (ICDD PDF: 

00-026-0481) (Figure 3.2a). The transmission electron microscopy (TEM) image of the as-

synthesized CoP2 NCs (Figure 3.2b) shows a highly uniform spherical morphology with 

the average size of 18 ± 2 nm, which is similar to the Co2P and CoP NCs (Figure S3.8, 

Appendix B).[43] High resolution TEM (HRTEM) was used to confirm the structure and 

gain insight into what surface facets may be exposed (Figure 3.2c).[49] Two sets of lattice 

fringes are clearly observed, exhibiting interplane distances of 0.36 and 0.22 nm 

corresponding to the (1̅11) and (2̅12) planes of the monoclinic CoP2. The intersected angle 

between the (1̅11) and (2̅12) planes is 85.6°, close to the theoretical value of 85.1°. The 

two lattice fringes are also found in the selected-area electron diffraction (SAED) image 

(inset of Figure 3.2c). Although it is difficult to determine conclusively which facet is 

exclusively exposed or highly exposed on the nanostructured CoP2, based on the observed 

plains and their relative angle and geometry factors,[49] it appears that the high index {211} 

https://en.wikipedia.org/wiki/Inductively_coupled_plasma_atomic_emission_spectroscopy
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facet is present (Figure S3.9, Appendix B). Figure 3.2d shows the high-angle annular dark-

field scanning TEM (HAADF-STEM) image of the monodisperse NCs, and Figure 3.2e 

and f show the elemental mapping of an individual CoP2 nanocrystal obtained by HAADF-

STEM-EDS in which the Co and P elements are uniformly distributed throughout the 

whole nanocrystal (Figure 3.2g). 

X-ray absorption near-edge structure (XANES) measurements were performed to show 

local structure and chemical configuration of the cobalt phosphide catalyst surface (Figure 

3.2h). With increased phosphide content, the pre-edge intensity gradually decreases, which 

is attributed to the Co atoms in CoP2 NCs having a higher coordination number than that 

of Co2P and CoP NCs.[50] A slight positive shift for the rising edge with increased 

phosphide content (inset of Figure 3.2h) is ascribed to the electron transfer from Co to P 

atoms in cobalt phosphide NCs, as well as the electron-deficient character of cobalt atoms 

in CoP2 NCs. This trend is similar to the transition metal oxides with various valence 

oxidation states.[51] The donor-acceptor nature of electron density distribution in cobalt 

phosphide is confirmed by X-ray photoelectron spectroscopy (XPS) and detailed 

explanations are included in Supporting Information (Figure S3.10, Appendix B). The 

CoP2 NCs show the highest “white line” intensity of all cobalt phosphide NCs, indicating 

lowest probability for electron transition from cobalt 1s to frontier orbitals.[51] This is 

attributed to the phosphorus-rich system where P atoms have already accepted electrons  

http://onlinelibrary.wiley.com/doi/10.1002/adma.201205315/full#fig2
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Figure 3.2 (a) XRD pattern, (b) TEM image, (c) HRTEM image, inset is the selected-area electron 

diffraction (SAED) image. (d) HAADF-STEM, (e, f) elemental mapping images, (g) line-scan EDS 

of CoP2 NCs. (h) X-ray absorption near-edge structure (XANES) spectra of Co foil, Co3O4, Co2P 

NCs, CoP NCs, and CoP2 NCs. (i) Extended X-ray absorption fine structure (EXAFS) spectra of 

as-prepared cobalt phosphide NCs.   

 

from the cobalt center and leave abundant empty orbitals. The Fourier transforms of the 

k3-weighted extended X-ray absorption fine structure (FT-EXAFS) spectra at Co K-edge 

of the cobalt phosphide NCs are shown in Figure 3.2i, and the corresponding R space and 

inverse FT-EXAFS fitting results of Co K-edge are summarized in Figure S3.11 and Table 

S3.4 (Appendix B). The Co-P bond length for Co2P, CoP, and CoP2 NCs is 2.01, 1.95, and 

1.86 Å, respectively. The increased Co-P bonding strength is attributed to the negatively 
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charged phosphorus atoms more tightly binding the surrounding Co atoms. This is further 

confirmed by the reverse trend observed in the Co-Co bond length, which increases with P 

content. Moreover, the Debye-Waller factor (σ2) for CoP2 NCs is higher than that of Co2P 

and CoP NCs, indicating the surface disorder is increased with increase of phosphorus 

content in cobalt phosphide. This is matched with the crystal structure transition from high 

symmetry orthorhombic phase of Co2P and CoP to low symmetry monoclinic phase of 

CoP2. 

    The electrocatalytic performance of cobalt phosphide NCs for HER was assessed in a 

0.5 M H2SO4 solution. Prior to testing, the NCs supported nanocrystals were treated with 

acetic acid to remove residual ligands and enhance electrocatalysis.[52] The CoP2 NCs 

achieve a current density for HER of -10 mA cm-2 (j10), -20 mA cm-2 (j20), and -100 mA 

cm-2 (j100) at an overpotential of 39 mV (η10), 53 mV (η20), and 88 mV (η100), respectively 

(Figure 3.3a). The remarkable η10 for CoP2 is close to that (37 mV) of state-of-the-art Pt/C, 

and much smaller than that of CoP (52 mV) and Co2P NCs (65 mV). These small 

overpotentials make CoP2 NCs superior to all the colloidal transition metal phosphide NCs, 

such as Ni2P NCs (η20 = 130 mV),[53] CoP NCs (η20 = 85 mV),[54] FeP NCs (η10 = 50 mV),[55] 

MoP NCs (η10 = 90 mV),[56] Co2P NCs (η10 = 95 mV),[23] and urchin-like CoP NCs (η10 = 

105 mV),[57] as well as most of the previously reported acid-stable transition metal 

phosphides (TMPs) HER electrocatalysts (Table S3.5, Appendix B). The Tafel slopes for 

CoP2, CoP, and Co2P NCs are 32, 41, and 58 mV/dec, respectively (Figure S3.12, 

Appendix B), suggesting that HER occurs on cobalt phosphide NCs via a Volmer-

Heyrovsky mechanism and that the CoP2 NCs exhibit the most favorable HER reaction 
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kinetics. Due to both the remarkable η10 and Tafel slope, the CoP2 NCs have the highest 

HER performance based on those metrics of all transition metal phosphide HER 

electrocatalysts, as far as we know. The CoP2 NCs even approach the commercial Pt/C 

with the same loading catalyst amount (Figure 3.3b). Further, the electrocatalytic trend for 

three cobalt phosphide NCs is in line with the DFT calculation prediction. 

To compare the intrinsic activity of the cobalt phosphide NCs, the turn-over frequency 

(TOF) for each stoichiometry was calculated. Taking into account both the cobalt and 

phosphorus surface atoms, the calculated TOF for CoP2, CoP, and Co2P at an overpotential 

of 100 mV is 0.561, 0.395, and 0.272 s-1, respectively (Figure 3.3c). Counting only the 

surface cobalt atoms as active sites, the corresponding TOF value increases to 1.163, 0.628, 

and 0.351 s-1, respectively (Figure S3.16, Appendix B). Both conditions demonstrate that 

the intrinsic activity of cobalt phosphide is enhanced with increasing phosphorus content. 

The impressive TOFη=100 mV of 0.561 s-1 for CoP2 is higher than that of all reported 

transition metal phosphide HER catalysts (Table S3.5, Appendix B), while still lower than 

that of commercial Pt/C (1.518 s-1).  

Stability is a critical concern for all HER electrocatalysts operating in harsh acidic 

solution. Figure 3.3d shows that long-term electrochemical stability with negligible loss at 

η100 mV within 36 h was observed for CoP2 NCs, while there was 6.3% and 12.2% activity 

degradation for CoP and Co2P NCs. The commercial Pt/C shows an obvious activity 

degradation of 21.1%. Considering both the high stability and comparable mass 

performance of the CoP2 electrocatalyst, we believe it to be a potential earth abundant 

alternative to Pt/C for HER in acidic media.  
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Figure 3.3 Electrochemical performance of as-prepared electrocatalysts in 0.5 M H2SO4. (a) 

Polarization curves of CoP2 NCs, CoP NCs, Co2P NCs, and Pt/C recorded at a scan rate of 5 mV 

s−1. (b) Plot of η10 versus Tafel slope for the reported transition metal phosphide HER catalysts. (c) 

Calculated TOF for as-prepared cobalt phosphide and commercial Pt/C catalysts. (d) 

chronoamperometric curves recorded at an overpotential of 100 mV. In-situ (e) Co K-edge and (f) 

P K-edge XANES spectra for CoP2 NCs at OCP and -0.1 V vs. RHE.   
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The structural dynamics upon electrode polarization that relate to activity and stability 

were identified by in-situ XANES for both Co and P K-edge of CoP2 NCs (Figure 3.3e and 

f). The pre-edge and rising edge are the same under open-circuit potential (OCP) and -0.1 

V vs. RHE, indicating the coordination number and valence oxidation state of surface is 

unchanged. A small decrease in the white line intensity is observed, which would be 

consistent with hydrogen adsorption resulting in a small change in electron density of the 

cobalt orbitals. The P K-edge of CoP2 NCs shows three major features that are centered at 

2145.0, 2150.9, and 2154.6 eV, respectively. The feature at 2145.0 eV is well matched 

with that of the standard GaP which suggests the existence of Co-P covalent bonds in CoP2 

NCs. The feature at 2154.6 eV is similar to that of K3PO4, consistent with the presence of 

surface phosphate in the as-prepared CoP2. This feature disappears under OCP because the 

surface phosphate species are easily dissolved in strong acidic solution, consistent with the 

XPS results. Interestingly, the feature at 2150.9 eV decreases at an overpotential of -0.1 V 

vs. RHE, consistent with a reducing environment when the device is undergoing HER and 

the potential creation of as of yet unidentified active sites. 

 Encouraged by the efficient HER activity of acid-stable CoP2 NCs, we integrated the 

CoP2 NCs into a surface engineered p-Si photocathode to achieve efficient and stable PEC 

water reduction in acidic media. Atomic layer deposition was used to create a p-

Si/AZO/TiO2/CoP2 hybrid photocathode structure in which photogenerated minor carrier 

electrons in p-Si are capable of transferring into the n-type AZO layer at a high rate due to 

the favorable energy level alignment (Figure 3.4a). The electrons can further pass through 

the ultrathin TiO2 layer and be subsequently captured by the CoP2 cocatalyst for HER. 
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Figure 3.4b shows a schematic diagram of the device structure of the photocathode and the 

detailed description of the fabrication procedures is available in the experimental section. 

The top-view SEM image shows that the as-prepared photocathode surface is flat and 

compact (Figure S3.17, Appendix B), while the photocathode exhibits a nanostructured 

surface with open porosity (Figure 3.4c and d) that is attributed to the contraction of the 

film during removal of the organic ligands during the mild sintering process. Figure 3.4e 

shows the cross-sectional SEM image of the hybrid photocathode along with an EDS line 

scan which shows the well-defined distribution of elements in the layered AZO, TiO2, and 

CoP2 structure (Figure 3.4f). The top CoP2 layer is highly dense and compact, and its 

thickness is approximately 45 nm. Both the ALD oxides and CoP2 layers have a negligible 

effect on the light absorption of p-Si (Figure S3.21, Appendix B). 

The PEC water reduction performance of as-prepared photocathodes was evaluated in a 

three-electrode configuration in 0.5 M H2SO4 solution under simulated AM-1.5G solar 

illumination. As shown in Figure 3.4g, the bare p-Si photocathode shows a very negative 

onset potential of -0.06 V vs. RHE, where the onset potential is defined as the required 

potential for achieving a current density of -0.1 mA cm-2 (1% of standard -10 mA cm-2 for 

10% STH efficiency). With increasing thickness of AZO, the onset potential shows a 

continuous positive shift, indicating that the AZO is improving the open-circuit potential 

and output photovoltage (Figure S3.22, Appendix B). This effect is similar to that reported 

for the homojunction n+p-Si and is schematically described in Figure S3.23 (Appendix B). 

The enhanced j0 due to 20 nm of AZO is ascribed to the formation of an intimate p-n 

heterojunction between p-Si and AZO to boost charge carrier separation and transfer, while 
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thicker AZO results in too long a pathway for electron transportation.[36] Annealing in air 

or hydrogen atmosphere and replacement of AZO with TiO2 were both found to 

significantly decrease current density, consistent with literature.[34] 

Deposition of a conformal 10 nm TiO2 film by ALD is used to prevent chemical 

corrosion in the acidic solution, and the resulting structure shows only 9.82% degradation 

after 60 h, compared to the rapid decay with only the AZO layer (Figure 3.4h). It exhibits 

a nearly unchanged j0 value, demonstrating that the photogenerated electrons can 

efficiently pass through the conformal AZO/TiO2 layer.[58] Neither annealing under air or 

a reducing hydrogen atmosphere were found to improve the stability of the TiO2 layer 

(Table S3.6, Appendix B). A decrease in current density was observed with annealing 

under hydrogen, which is attributed to the increased formation of Ti3+ trap states as 

confirmed by EPR (Figure S3.25, Appendix B).[59] 

When the CoP2 NCs were spin-coated on the protective photocathode, the j0 increased 

to -16.7 mA/cm2 and the stability was well maintained (7.73% degradation) after 60 h PEC 

operation. The onset potential of p-Si/AZO/TiO2/CoP2 shifts to as positive as 0.48 V vs. 

RHE, suggesting that the CoP2 cocatalyst with abundant active sites is indeed able to 

efficiently capture the transferred electrons and lower the overpotential for HER. For 

comparison, the photocurrent density of p-Si/AZO/TiO2/Pt in the whole potential range is 

inferior to that of p-Si/AZO/TiO2/CoP2 despite of converse electrochemical HER activity. 

This presumably attributed to the attenuated light absorption with the uneven distribution 

of electrodeposited Pt films while the spin-coated CoP2 layer has minimal light blocking 

effect (Figure S3.21, Appendix B).[60] The onset potential for p-Si/AZO/TiO2/CoP2 under 
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dark conditions is -0.06 V vs. RHE and the output photovoltage is as high as 0.54 V, 

attributed to a high quality interfacial contact in the p-Si/AZO/TiO2/CoP2 with the metal-

insulator-semiconductor structure. The remarkable j0, onset-potential (Eonset), and acid-

stability of p-Si/AZO/TiO2/CoP2 is comparable or superior to those of many previously 

reported planar or nanostructured p-Si-based photocathodes (Table S3.7, Appendix B), as 

well as outperforming most of the photocathodes with TMP cocatalysts for HER (Table 

S3.8, Appendix B). To confirm the photocurrent originates from PEC hydrogen production, 

the Faradaic efficiency (ηF) of H2 (with Henry’s law correction) of the p-

Si/AZO/TiO2/CoP2 photocathode is close to 100% (Figure S3.26b, Appendix B). When the 

light and potential were applied for 2 min, hydrogen bubbles are clearly observed (Figure 

S3.26a, Appendix B). The maximum HC-STH efficiency for p-Si/AZO/TiO2/CoP2 is 2.22% 

at 0.22 V vs. RHE, which higher than that of p-Si/AZO/TiO2/Pt (1.78%) at 0.22 V vs. RHE 

and p-Si/AZO/TiO2 (0.54%) at 0.14 V vs. RHE (Figure S3.27a, Appendix B). As shown 

in Figure S3.27b, the incident photon-to-current conversion efficiency (IPCE) of p-

Si/AZO/TiO2/CoP2 reaches a maximum of 56% at 700 nm, while the absorbed photon-to-

current conversion efficiency (APCE), calculated using the absorption data from Figure 

S3.21, reaches a maximum of 93%. The large discrepancy for the IPCE and APCE is 

attributed to the above-mentioned limited light absorption of planar silicon. The high 

APCE indicates both efficient transport of excited carriers to the interface and fast HER 

kinetics at the catalyst.  
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Figure 3.4 (a) Schematic energy level alignment and (b) device structure of the p-

Si/AZO/TiO2/CoP2 hybrid photocathode. (c) Top view and (d) associated selected area EDS spectra. 

(e) Cross-sectional SEM images of p-Si/AZO/TiO2/CoP2 hybrid photocathode and (f) associated 

line scan EDS spectra. (g) j-E curves of as-prepared p-Si, p-Si/AZO, p-Si/AZO/TiO2, and p-

Si/AZO/TiO2/CoP2 photocathodes under simulated solar illumination (AM-1.5G, 100 mW cm-2) in 

0.5 M H2SO4 acidic solution. (h) Photocathodic stability tests and (i) PEIS Nyquist plots of the as-

obtained photocathodes measured at 0 V vs. RHE in acidic solution. 

To investigate the interfacial charge transfer and HER kinetics of the p-

Si/AZO/TiO2/CoP2 photocathode, photoelectrochemical impedance spectroscopy (PEIS) 

measurements were conducted under simulated solar illumination (AM-1.5G, 100 
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mW/cm2) and the corresponding Nyquist plots were fitted with a simplified circuit model 

(Figure 3.4i and Figure S3.28). The p-Si/AZO shows lower bulk trap resistance (Rtrap, 46 

Ω) and higher space-charge layer capacitance (Csc, 28 μF) than the pristine p-Si, indicating 

that the ultrathin AZO is able to passivate the surface defects of p-Si and reduce the 

interfacial charge recombination, while the formed p-n junction is the main reason for the 

increased Csc. The Rct (129 Ω) of p-Si/AZO/TiO2/CoP2 is almost half that of p-

Si/AZO/TiO2 (225 Ω), which demonstrates that the CoP2 cocatalyst aids in the electron 

transfer to the electrolyte and actively catalyzes HER. The efficient charge transfer in p-

Si/AZO/TiO2/CoP2 is further confirmed by the time-resolved photoluminescence (TRPL) 

measurement (Figure S3.30 and Table S3.9, Appendix B). 

3.4 Conclusion 

    In summary, we report a novel electrocatalyst of colloidal monodisperse cobalt 

diphosphide nanocrystals (CoP2 NCs) by a modified hot injection method. The CoP2 

nanocrystal electrode only needs an overpotential of 39 mV to achieve -10 mA cm-2, which 

is smaller than that for Co2P and CoP NCs. Theoretical DFT calculations reveal that the 

high phosphide content plays a critical role in achieving the necessary balance between 

hydrogen adsorption and desorption on catalyst surface, resulting in an absolute free energy 

of hydrogen adsorption on highly exposed (211) surface of CoP2 of only 0.019 eV. The 

CoP2 NCs have been integrated into a PEC system based on p-Si protected by ALD, and 

the hybrid photocathode shows a remarkable onset potential of as positive as 0.48 V vs. 

RHE and photocurrent density of -16.7 mA/cm2 under simulated solar illumination (AM-

1.5G, 100 mW/cm2). Notably, this hybrid photocathode shows only 7.73% PEC activity 
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degradation after 60 h in 0.5 M H2SO4 solution, revealing the advantage of the ALD 

technique for fabricating the conformal AZO and TiO2 bilayer to protect the photocathode 

from the harsh acid environment. The reported p-Si/AZO/TiO2/CoP2 provides a new 

interface engineering strategy for designing more efficient and acid-stable photocathodes 

for solar-driven hydrogen evolution. 
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4 SCALABLE NEUTRAL H2O2 ELECTROSYNTHESIS BY 

PLATINUM DIPHOSPHIDE NANOCRYSTALS AND 

THE ROLE OF PHOSPHORUS IN ACHIEVING H2O2 

SELECTIVITY 

4.1 Introduction 

    Hydrogen peroxide (H2O2) is a valuable chemical for a variety of industrial application, 

as well as a potential energy carrier alternative to oil or hydrogen in fuel cells. H2O2 is 

currently manufactured by large-scale indirect anthraquinone process and direct synthesis 

with H2 and O2 mixture.[1] The anthraquinone process involves multiple redox reaction 

steps and requires expensive palladium-based hydrogenation catalysts. Furthermore, 

energy-intensive distillation for obtaining high concentration H2O2 is necessary to 

minimize transportation and storage cost. Direct synthesis via H2 and O2 is more 

straightforward but potentially explosive. Electrochemical H2O2 production through 

oxygen reduction reaction (ORR) in an electrolyzer or fuel cell is an attractive and cost-

effective route due to its mild operation conditions, on-site production, and tunable 

concentration.[2] However, it is still a great challenge to develop efficient and stable 

electrocatalysts that are selective toward the two-electron ORR. 

Incorporation of an efficient and stable catalyst into a proton-exchange membrane 

electrolyzer or fuel cell is a promising route to commercialization. Many potential ORR 

electrocatalysts, mainly including carbon-based materials and noble metal-based materials, 

have been reported for H2O2 production in alkaline or acidic electrolyte.[3] Carbon-based 
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electrocatalysts typically perform well in alkaline solution but show low intrinsic activity 

and stability in acidic media.[4] Bimetallic noble metal alloys, such as Au-Pd, Pt-Hg, Pd-

Hg, and Au-Pt-Ni, catalyze ORR through two-electron pathways with selectivity as high 

as 95%.[5-7] The goal of secondary metal incorporation is to change the electronic structure 

of the primary catalytic site and optimize the binding strength of reaction intermediates.[8] 

An ideal two-electron ORR electrocatalyst should possess a suitable binding strength for 

OOH* (not too strong or too weak) and suppress the O-O bond breakage in OOH* to O*. 

Apart from the metal alloying strategy, incorporation of non-metal elements such as 

phosphorus, sulfur, and boron into metals to form multicomponent alloys has been 

demonstrated to be an attractive and effective way to improve the electrocatalytic activity 

of metal catalysts.[9-11] Particularly, our previous work found that electronegative 

phosphorus (P) was able to regulate the binding strength of intermediates in ORR and 

improve the four-electron ORR activity for cobalt phosphide.[12] Since Pt is the most widely 

used material for four-electron ORR, it is highly desirable to investigate if P alloying is 

able to alter the electronic structure of P-rich platinum phosphide and shift the reaction 

pathway from four-electron to two electron. 

Ultrasmall nanoparticle catalysts not only have a high surface to volume ratio which 

reduces cost for precious metal catalysts by increasing the per mass surface area, but also 

lead to higher exposure of low-coordinated edge sites for improved electrocatalytic 

activity.[13] However, small nanoparticle electrocatalysts are prone to aggregation during 

long-term electrochemical operation, which lowers surface area and reduces available 

active sites and consequently causes electrocatalytic activity degradation.[14] Encapsulation 
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of nanoparticles in an porous ultrathin shell of a stable metal oxide can largely preserve the 

catalytic activity while increasing the resistance against aggregation.[15] Atomic layer 

deposition (ALD), a thin-film deposition technique that allows growth of conformal 

coating through a self-limiting vapor growth process, has been employed to deposit 

ultrathin metal oxide layers to overcoat and stabilize nanoparticle catalysts for optimizing 

both activity and durability.[16-18] Therefore, ALD is of interest to prevent aggregation of 

ultrasmall platinum phosphide nanocrystals and preserve their ORR activity and selectivity 

during long-term electrocatalysis.  

Generally, the ORR activity of an electrocatalyst is initially evaluated by rotating-ring 

disk electrode (RRDE) technique, which provides only an upper limit to the activity and 

selectivity of two-electron ORR due to rapid transportation of H2O2 from disk to ring.2 In 

real devices, such as those based on a membrane electrode assembly (MEA) architecture, 

additional transport factors must be considered. These include the slow diffusion rate of 

H2O2 from the catalyst and gas diffusion layers to the output stream and the chance for 

further H2O2 reduction or chemical decomposition.[19] Yamanaka and Wilkinson’s groups 

have reported MEA-based water electrolyzers and fuel cell reactors for production of small 

amounts of neutral H2O2 by continuously feeding gaseous O2 into the cathodic chamber.[20-

23] However, the long-term stability for efficient O2-to-H2O2 production at high current 

levels is still a large challenge due to the severe H2O2 accumulation at the interface between 

ORR catalyst layer and proton-exchange membrane, particularly if there is no solvent flow 

to remove the concentrated product. To reach a high concentration at a large scale will 

require incorporation of an efficient two-electron ORR catalyst into a system with 
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sufficient long-term stability in the presence of high H2O2 content to allow for continual 

recycling of the H2O2 product to reach medical level concentrations. 

Herein, monodisperse colloidal platinum diphosphide nanocrystals (PtP2 NCs) with an 

uniform size of 3 nm are directly synthesized by a hot-injection method which involves the 

precursors of platinum(II) 2,4-pentanedionate and tris(trimethylsilyl)phosphine. Unlike the 

Pt NCs which follow a conventional four-electron pathway towards ORR, the ultrasmall 

PtP2 NCs proceed through a two-electron pathway with nearly zero overpotential to 

initialize the O2-to-H2O2 reaction and achieve a maximum selectivity of 98.5% at 0.27 V 

vs. RHE. DFT calculation reveals that changes in electron density resulting from shift 

towards P atoms leads to a weaker adsorption of the key OOH* intermediate and inhibition 

of subsequent O-O breakage of OOH* to form the O* intermediate. The ultrasmall PtP2 

NCs are treated by atomic layer deposition of an alumina overcoat and post-annealing to 

suppress aggregation and maintain electrocatalytic stability. The resulting catalyst is 

employed in a PEMFC to achieve a steady neutral H2O2 formation rate of 2.26 mmol h-1 

cm-2 and the accumulated H2O2 concentration reaches as high as 1.21 mol L-1 in 600 mL 

after continuous cycling for 120 h. 

4.2 Experimental Sections 

Synthesis of platinum diphosphide (PtP2) NCs. OAm (8 mL), OA (0.5 mL) and ODE 

(8 mL) were added into a 50-mL three-neck, round bottom flask containing a stirring bar. 

This solution was placed under vacuum at 120 C to degas for 1 hour to remove the low 

boiling point impurities and oxygen. The solution was placed under nitrogen and heated to 
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220 C. Meanwhile, a second precursor solution comprising of 1.2 mL (Me3Si)3P (10 wt% 

in hexane) and 1 mL ODE was degassed under vacuum and room temperature for 10 min 

in a 10 mL vial with a septum cap to remove hexane. The (Me3Si)3P solution was rapidly 

injected into the reaction flask at 220 C and kept for 15 min at this temperature. Finally, 

the solution was maintained at 120 C for 10 min to complete the Ostwald ripening and 

then cooled to room temperature. The reaction mixture was centrifuged at 6000 rpm for 6 

min. The isolated precipitate was re-suspended in hexane, then acetone and methanol were 

added to create a 1: 6: 1 (v:v:v) hexanes: acetone: methanol solution to cause aggregation 

of the NCs. The resulting cloudy solution was centrifuged. The isolated solid was 

redissolved in hexane and the process repeated an additional three times. Finally, the 

product was dispersed in hexane (2 mg/mL). For comparison, Pt NCs were synthesized in 

a similar co-heating way without (Me3Si)3P injection. 

Materials Characterizations. All the basic physical characterizations, such as ICP-MS, 

XRD, TEM/HRTEM, XPS, XAFS are same with that in chapter 3.     

    Catalyst inks and electrode preparation. The preparation procedures are the same with 

that in chapter 3.       

    Electrochemical measurements. The basic RDE and RRDE measurements for ORR are 

the same with that in chapter 2, beside the electrolyte is  O2-saturated 0.1 M HClO4 rather 

than the alkaline solution. For the CO striping test, the electrodes were initially immersed 

in the CO-saturated 0.1 M HClO4 by purging with 10 wt% CO in N2 gas for 30 min and 

then set to 0.10 V vs. RHE for 15 min to form a CO adsorption layer on the catalyst surface. 

Then the electrolyte was purged by N2 gas for 10 min to remove the remaining CO in 
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solution. The CO stripping CVs were obtained in a potential range of 0-1.2 V with a scan 

rate of 20 mV/s. Cyclic voltammetry was carried out in a nitrogen-purged 5 mM 

K3Fe(CN)6/0.1 M HClO4 solution with platinum foil as the counter electrode. EASA values 

were calculated using the Randles-Sevcik equation:  

                                        Ip = (2.36 × 105)n3/2AD1/2Cυ1/2                                        (4.1) 

where Ip is peak current (A), n = 1, D = 4.34 × 10-6 cm2 s-1, A is the EASA (cm2), C is the 

concentration of potassium ferricyanide (5 × 10-6 mol cm-2) and υ is the scan rate (5 × 10-3 

V s-1).  

For in-situ ATR-FTIR measurements, a diamond-like carbon was coated onto a Si wafer 

(5 × 8 ×1 mm3) to prepare the internal reflection element (IRE).The coated IRE was 

ultrasonicated for 2 min with 30% concentrated H2SO4 followed by rinsing with DI water 

before experiments. 50 µL of 2 mg mL-1 catalyst ink (no Nafion binder) was dropcast on 

the IRE and dried under air at room temperature. A glassy carbon paper was placed on top 

of the catalyst layer for good electrical contact. Glassy carbon rod connected to the IRE, Pt 

gauze, and Ag/AgCl in 3 M KCl were used as the working electrode, counter electrode, 

and reference electrode, respectively. An FTIR spectrometer with a MCT detector was used 

for the in-situ ATR-FTIR measurements. Solutions were saturated either with O2 for ORR 

or with Ar as a control. 

    ALD Al2O3 overcoat for stabilization. The ALD Al2O3 overcoat for supported PtP2 was 

grown in a GEMSTAR-6 atomic layer deposition (ALD) system. Trimethylaluminum 

(TMA) and distilled water (H2O) were used as precursors of Al and O, respectively. The 

ALD of Al2O3 was carried out at a substrate temperature of 175 C. Each precursor was 



90 
 

 

 

 

 

held in the chamber for 2.2 seconds, followed by a 28 second nitrogen purge. To ensure 

the deposition occurred with typical growth per cycle, a silicon wafer with native oxide 

was included alongside the sample as a control and the Al2O3 thickness on the wafer was 

determined by the X-ray reflectivity. After 42 cycles, the overcoated PtP2 was activated at 

600 C for 2 h in tube furnace under N2 gas flow (Al2O3/PtP2-600). 

    Scalable H2O2 production in fuel cell. The membrane electrode assembly (MEA) for 

testing the activity in a H2-O2 fuel cell was prepared using Al2O3/PtP2-600 catalyst on GDL 

as cathode, Pt/C catalyst on GDL as anode, and Nafion 117 membrane. To prepare the 

cathode, a catalyst ink composed of Al2O3/PtP2-600 dispersed in a water-ethanol mixture 

with ionomer (Nafion solution, 5wt %) was sprayed on Teflon-treated or non-Teflon-

treated GDL. Anode was prepared with commercial Pt/C (20 wt%) catalyst in the same 

manner as the cathode. The catalyst loading amount for cathode and anode is 0.8 mgPtP2 

cm-2 and 0.3 mgPt cm-2, respectively. A hot press ( 120 C and 40 MPa for duration of 5 

min) was used to press the components together with a Nafion 117 membrane. The MEA 

was then assembled in a single fuel cell consisting 4 cm2 serpentine flow fields. 

Humidification of the MEA was performed for 60 min by flowing N2 with 100% relative 

humidity at a cell temperature of 80 C. The flow rates for H2 and O2 gases are 150 and 

200 mL min-1, respectively. The flow rate of external neutral water was controlled by a 

peristaltic pump. For quantitative analysis of H2O2 concentration, the interaction of the 

H2O2 with a modified iodate solution was monitored with UV-vis spectrscopy method. 

Briefly, solution A for the I3
- method consisted of 33 g of KI, 1 g of NaOH, and 0.1 g of 

ammonium molybdate tetrahydrate diluted to 500 mL with water. The solution was stirred 
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for ~10 min to dissolve the molybdate. Solution A was kept in the dark to inhibit the 

oxidation of I-. Solution B, an aqueous buffer, contained 10 g of KHP per 500 mL. The pH 

was measured using a pH meter. Equal weights of A and B was subsequently mixed, 

followed by addition of the H2O2 solution. The absorbance of the resulting solution was 

measured at a maximum wavelength of 351 nm. 

Based on the obtained concentration of flow H2O2 solution, the current efficiency of 

H2O2 production can be calculated by the following equation: 

                                                   𝐶𝐸% =
2𝐹𝑄𝐶

𝐼
 × 100%                                             (4.2) 

where F is Faraday’s constant (96485 C mol-1), Q is the water flow rate (L s-1), C is the 

H2O2 concentration (mol L-1), and I is the current (A). The corresponding H2O2 production 

rate can be expressed as following equation:  

                                                  r(H2O2) = 3600QC/A                                                   (4.3) 

where A is the MEA area (4 cm2).   

4.3 Results and Discussions 

    Synthesis and characterization. To synthesize ultrasmall and highly monodisperse 

platinum phosphide NCs, platinum(II) 2,4-pentanedionate and 

tris(trimethylsilyl)phosphine ((Me3Si)3P) are employed in a hot-injection synthesis to 

allow for separate control of the nucleation and growth processes. In a typical preparation, 

0.3 mmol of platinum(II) 2,4-pentanedionate (0.118 g) was initially mixed with 8 mL 

oleylamine (OAm), 0.5 mL oleic acid (OA), and 8 mL octadecene (ODE). The mixture 

solution was placed under vacuum at 120 ℃ to degas for 1 hour to remove the low boiling 

point impurities and oxygen. After the solution was placed under nitrogen, the solution was 
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heated to 220 ℃ at a rate of 10 °C/min. Meanwhile, a second precursor solution comprising 

of 1.2 mL (Me3Si)3P dissolved in hexane (10 wt%) and 1.0 mL ODE was degassed under 

vacuum. The (Me3Si)3P solution was quickly injected into the reaction flaks at 220 ℃ and 

kept for 15 min. Inductively-coupled plasma mass spectroscopy (ICP-MS) gives an atomic 

ratio of platinum to phosphorus of 0.498 (Table S4.1, Appendix C), and energy-disperse 

X-ray spectroscopy (EDS) of platinum phosphide NCs shows a similar Pt:P ratio of 0.509 

(Figure S4.1, Appendix C), confirming the formation of PtP2. The X-ray diffraction (XRD) 

pattern of PtP2 NCs is matched with the cubic structure of bulk PtP2 (ICDD PDF: 01-080-

2220) (Figure S4.2, Appendix C). The central Pt atoms are surrounded by 6 phosphorus 

atoms, which are situated at the corners of a slightly distorted octahedron. Similarly, the 

phosphorus atoms are surrounded by one phosphorus and three platinum neighbors (Figure 

S4.3, Appendix C). The transmission electron microscopy (TEM) image of the as-

synthesized PtP2 NCs shows a spherical morphology with average size of 3 ± 0.2 nm 

(Figure 4.1a). A well-resolved lattice fringe with interplane distances of 0.33 nm is 

observed, corresponding to the (111) crystallographic plane of the cubic PtP2 (Figure 4.1b). 

The (111) plane, associated with other planes, such as (200), (220), and (222), are shown 

on the corresponding selected area electron diffraction (SAED) image (inset of Figure 4.1b), 

indicating good crystallinity of the as-synthesized PtP2 NCs. The well-defined spherical 

geometry and high monodispersity of PtP2 NCs is clearly observed from high-angle annular 

dark-field scanning TEM (HAADF-STEM) image (Figure 4.1c). The elemental mapping 

of PtP2 NCs shows that the Pt and P elements are evenly distributed throughout the whole 

nanocrystal region (Figure 4.1d-f). 

http://onlinelibrary.wiley.com/doi/10.1002/adma.201205315/full#fig2
http://onlinelibrary.wiley.com/doi/10.1002/adma.201205315/full#fig2
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Figure 4.1 (a) TEM image, (b) HRTEM image, (e) HAADF-STEM, (d-f) elemental mapping 

images of PtP2 NCs. (g) Pt L3-edge X-ray absorption near-edge structure (XANES) and (h) 

extended X-ray absorption fine structure (EXAFS) spectra of PtP2 NCs, Pt NCs, and Pt foil.  

X-ray absorption spectroscopy (XAS) was carried out to reveal the local geometric and 

electronic structures of PtP2 and Pt NCs. Figure 4.1g shows the Pt L3-edge X-ray absorption 

near-edge structure (XANES) spectra of PtP2 NCs, Pt NCs, and Pt foil. The rising edge of 

PtP2 NCs shows a positive shift compared with that of Pt NCs and Pt foil due to the 

increased valence oxidation state after incorporation of P into Pt. This can be ascribed to 

an electron density shift from metallic Pt to local P atoms with high electronegativity. The 

donor-acceptor nature of electron density distribution in PtP2 NCs is further confirmed by 
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the X-ray photoelectron spectroscopy (XPS) of Pt 4f (Figure S4.5, Appendix C). The 

binding energy of Pt 4f7/2 for PtP2 NCs is positively shifted (0.9 eV) from that of Pt 4f7/2 

for Pt NCs. This shift is larger than that of conventional metal alloying, suggesting that the 

stronger electron delocalization in PtP2 NCs may have greater influence on the intrinsic 

electronic properties and reaction intermediates adsorption/desorption behavior.[24] The 

intensity of Pt L3 “white line” is a qualitative indicator of electron vacancies in the 5d 

orbitals of Pt atoms. The “white line” intensity for PtP2 NCs is higher than that for Pt NCs 

and Pt foil, which is attributed to an electron density shift from Pt to P which creates 

electron vacancies in Pt and increases probability for electron transition from 2p to the 

unoccupied 5d orbital.[25] The Fourier transforms of the k3-weighted extended Pt L3-edge 

X-ray absorption fine structure (EXAFS) spectra were shown in Figure 4.1h. The EXAFS 

fitting results are summarized in Figure S4.6 and Table S4.2 (Appendix C). The small peak 

located 1.60 Å is assigned to the typical Pt-O bond which is derived from trace amount of 

surface platinum oxide. The peaks at 2.25 and 2.85 Å are both attributed to Pt-P bond, 

suggests diverse P coordinated to central Pt. Interestingly, no fitting peak is observed 

within 3.00 Å for Pt-Pt bond PtP2, which is consistent with that the Pt-Pt bond lengths are 

typically in the range of 3.6-4.2 Å in PtP2 cubic crystal structure. The elongated Pt-Pt bond 

length in PtP2 NCs is ascribed to negatively charged P-rich atoms that strongly binding the 

surrounding Pt atoms and thus weaken the Pt-Pt bonding strength. This has significant 

influence on the intermediate adsorption on the platinum bridge site, which will be 

discussed in details later. 
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    Electrochemical ORR performance and operando spectroscopy. The oxygen reduction 

reaction (ORR) was performed in O2-saturated 0.1 M HClO4 solution using a rotating ring 

disk electrode (RRDE). The potential of the ring is set such that it can oxidize the H2O2 

produced at the disk electrode, with the resulting current providing a measurement of the 

level of H2O2. For the disk current, the PtP2 NCs show an onset potential (defined as the 

potential at which a current density of 0.1 mA/cm2 is achieved) of 0.716 V vs. RHE, which 

is far from that of Pt NCs (0.88 V vs. RHE) (Figure 4.2a). A remarkable ring current in the 

potential range of 0.1 to 0.708 V vs. RHE is observed on PtP2 NCs, compared to a 

negligible current measured for the Pt NCs control. The slightly higher onset potential of 

PtP2 NCs than the thermodynamic limit of 0.70 V vs. RHE could potentially be ascribed to 

a Nernst-related potential shift. The PtP2 NCs achieve a maximum H2O2 selectivity of 98.5% 

at 0.27 V vs. RHE, and the corresponding electron transfer number (n) is 2.03 (Figure S4.8, 

Appendix C), while the Pt NCs follow a typical four-electron pathway during ORR process. 

This indicates that phosphorus incorporation can regulate the electronic structure of surface 

Pt active sites and therefore alter the oxygen reduction reaction pathway. Figure 4.2b 

summarizes the mass activity of different electrocatalysts for O2-to-H2O2 conversion, and 

further details of these calculations are available in Table S4.3 (Appendix C). The 

remarkable mass activity and low overpotential of PtP2 is superior to most reported 

electrocatalysts. While it is inferior to the state-of-the-art Pt-Hg and Pd-Hg alloys, 

replacement of Hg with minimal loss in efficiency is promising since the potential for Hg 

to leach directly into a medicinal product is a considerable barrier for practical application. 
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In-situ attenuated total reflection infrared spectroscopy (ATR-IR) was carried out to 

investigate adsorbed oxygen intermediates on supported PtP2 catalyst during ORR in O2-

saturated 0.1 M HClO4 (Figure 4.2c). As detailed below, the in-situ observation of OOHad 

and HOOHad during ORR confirms the associative two-electron pathway for PtP2. In 

accordance with previous literature, the bands at 1435 and 1330 cm-1 are assigned to the 

functional groups of carbon support, and the bands at 1126 and 1052 cm-1 are ascribed to 

the ClO4
- species.[26] The absorption band at 1488 cm-1, present at all applied potentials, is 

assigned to the O-O stretching mode of adsorbed molecular oxygen (O2,ad). This 

assignment agrees with previous report that the band of adsorbed O2 is observed around 

1468 cm-1 for Pt/C.[27] The band intensity shows a continuous decrease with increase of 

overpotential due to O2 consumption as well as substitution by the newly formed oxygen 

species (Figure S4.9a, Appendix C). This band disappears in N2-saturated solution and 

shifts to1406 cm-1 in the 18O2 isotope spectrum (Figure S4.10, Appendix C). The band at 

1264 cm-1 can be assigned to the O-O stretching mode of adsorbed superoxide (OOHad), 

which is consistent with that of reported for the Au electrode.[28] It appears at 0.7 V vs. 

RHE and increases with increasingly negative potential (Figure S4.9b, Appendix C), which 

is consistent with the trend of the H2O2 current in the linear sweep voltammograms of PtP2 

NCs. The OOHad band shows a significant shift to 1193 cm-1 in 18O2 (Figure S4.10), while 

remaining the same in the deuterated medium (Figure S4.11, Appendix C). As for Pt NCs, 

the OOHad band is initially observed at 0.9 V vs. RHE, consistent with its onset potential 

of four-electron ORR. Lastly, the band at 1396 cm-1 is attributed to the OOH bending mode 

of adsorbed hydroperoxide (HOOHad).
[29] A slight shift is observed for HOOHad in 18O2 



97 
 

 

 

 

 

(Figure S4.10), while the band is not detected in the deuterated medium presumably due to 

a large shift to lower wavenumber  (Figure S4.11). The HOOHad band first appeared at 0.7 

V vs. RHE for PtP2 NCs, in accordance with the onset in H2O2 production. 

Figure 4.2d shows the normalized in-situ Pt L3-XANES spectra of PtP2 NCs recorded at 

various ORR potentials in 0.1 M HClO4. Commercial PtO2, PtCl2, and Pt foil were used as 

references and a linear combination of XANES spectra was fitted to the in-situ Pt L3-edge 

spectra (Figure S4.12 and 13, Appendix C). The calculated oxidation state of platinum 

species in PtP2 under various potential are shown in Figure 4.2e and summarized in Table 

S4.4 (Appendix C). For the as-prepared PtP2 NCs, the initial oxidation state of platinum 

species is calculated to be +3.26, which is attributed to the electron density shift from Pt to 

P. Under open circuit potential (OCP) and 0.9 V, a slight change of oxidation state is 

observed. This is presumably attributed to the formation and dissolution of minor surface 

oxide based on the small change of white line intensity. When the applied potential goes 

to 0.7 V, the absorption edge shows a negative shift and the average oxidation state 

decreases to +2.72 since the surface platinum active sites in PtP2  start to be involved in O2 

activation and H2O2 generation. The oxidation state further decreases to +2.25 by 0.5 V 

and remains the same to 0.3 V. It should be noted that the oxidation state of +2.25 keeps 

stable at 0.3 V for 6 h of measurement (Figure S4.14, Appendix C), indicating that the high 

P content can stabilize Pt+2.25 in the PtP2 for sustaining rapid and stable O2-to-H2O2 

conversion. 
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Figure 4.2 (a) RRDE voltammograms at 1600 rpm in O2-saturated electrolyte with the disc current, 

ring current and current corresponding to hydrogen peroxide obtained from the ring current. (b) 

Mass activity of different electrocatalysts for H2O2 production. (c) In situ ATR-IR spectra and (d) 

In situ Pt L3-edge XANES spectra collected on the PtP2 electrodes at constant potential in O2-

saturated 0.1 M HClO4. Inset in (d) shows the impact of potential on the Pt L3-edge XANES spectra: 

Δμ = μ(V) – μ(0.54 V). (e) Pt oxidation state in PtP2 as a functional of applied constant potential.   

The inset of Figure 4.2d illustrates the changes in the Pt L3-edge XANES spectra with 

the in-situ potential. Here Δμ is the value obtained by subtracting the Pt L3-edge XANES 

spectrum at 0.54 V from that collected at elevated potentials. The |Δμ| of Pt NCs increase 
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monotonically with potential, while for PtP2 |Δμ| increases sharply from 0.54 to 0.7 V but 

remains unchanged to 0.9 V. The value of |Δμ| is expected to increase with increasing 

amounts of oxygen species adsorption. The relatively high |Δμ| for PtP2 within 0.54-0.7 V 

indicates a high coverage of oxygen intermediates. This is  consistent with a mechanism 

where P incorporation increases the numbers of low-coordinated Pt sites favoring oxygen 

species adsorption.[30] Above 0.7 V, |Δμ| becomes constant for PtP2, attributed to the 

beginning of two-electron ORR. In contrast, the number of oxygen intermediates 

continuous to increase on the Pt surface because four-electron intermediates also adsorb 

strongly on the surface.  

Theoretical DFT calculation for ORR. Two-electron ORR generally follows two 

hydrogenation steps for H2O2 production, i.e., O2 → OOH* → H2O2, while four-electron 

ORR proceeds with four successive hydrogenation steps for H2O generation, i.e.,  O2 → 

OOH* → O* → OH* → H2O (Figure 4.3a). The optimized geometries of OOH*, O*, and 

OH* intermediates on PtP2 (111) are shown in Figure S4.15 (Appendix C). Recent 

theoretical studies have pointed out that the ORR activity for H2O2 production is strongly 

related to the binding ability of OOH*.[6] Specifically, for an ideal catalyst for H2O2 

production, the adsorption of OOH* should be neither too strong nor too weak. Figure 4.3e 

depicts the free energy diagram for two-electron O2-to-H2O2 pathway at equilibrium 

potential of 0.7 V vs. RHE. The OOH* on the typical Au and Pt metal catalysts is too weak 

and too strong, respectively. The free energy of OOH* (GOOH*) on top (a), bridge (b), and 

hollow (c) sites of PtP2 (111) is 3.39, 3.47, and 3.43 eV, respectively. Compared to Pt, the 

average free energy difference compared to the ideal value of 3.52 eV is 0.09 eV, which is 
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less than half that for Pt (0.261 eV). The weakened OOH* adsorbed on PtP2 (111) can be 

explained by both electronic effect and geometric effect upon incorporation of P into Pt. 

For the top site of PtP2 (111), the bond length of Pt-O in PtP2-OOH* is 2.27 Å, longer than 

that in Pt-OOH* (2.08 Å) (Figure 4.3a). This is attributed to electron delocalization in 

phosphorus-rich PtP2 (Figure 4.3c). For the bridge site of PtP2 (111), the average Pt-O bond 

length is increased because the Pt-Pt bond is significantly elongated with high degree of P 

incorporation (Figure 4.3b). A lower overlap among the binding states between Pt5d and 

O2p is observed when OOH* is adsorbed on PtP2 (111) compared with Pt (111) (Figure 

4.3d), leading to a weaker binding strength of OOH* over PtP2 (111) surface. Figure 4.3f 

shows the potential-dependent free energy diagram for two-electron and four-electron 

ORR pathways on the PtP2 (111) surface. At zero electrode potential (U = 0 V) all 

elementary steps of the ORR are exothermic. At the equilibrium potential (U= 1.23 V) the 

first two steps are rate determining for the four-electron ORR. At an electrode potential of 

0.7 V, the free energy barrier for OOH* to H2O2 is much smaller than that of OOH* to O*, 

consistent with the experimental observation that the adsorbed OOH* preferentially 

undergoes hydrogenation to form H2O2 rather than continuing the dissociation path. This 

can be understood not only by the weakening of the Pt-OOH* bond, but also by the 

correlated strengthening of the O-O bond in OOH*. For both the top and bridge sites on 

PtP2 the O-O bond length of adsorbed OOH* is shorter than that on Pt, which is beneficial 

to suppress the OOH*-to-O* dissociation tendency. This is supported by the calculated rate 

constants (Table S4.5, Appendix C), which predict a rate of OOH* hydrogenation which 

is ~100 times that of OOH* dissociation. 
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Figure 4.3 (a) Key oxygen intermediates for PtP2 and Pt during two-electron and four-electron 

ORR pathways. OOH* adsorbed on top site of PtP2 and Pt is compared. (b) Difference between 

adsorption behavior of OOH* on bridge site of PtP2 and Pt. (c) Bader charge distribution of PtP2. 

(d) Partial density of states (PDOS) for PtP2 (111) and Pt (111) with adsorbed OOH*. (e) Free-

energy diagram for O2-to-H2O2 at 0.70 V. (f) Free energy diagram for the two-electron and four-

electron ORR on PtP2. 
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    ALD overcoat for stabilization of ultrasmall PtP2 NCs. Although the ultrasmall PtP2 

NCs gave efficient and selective O2-to-H2O2 conversion, both the disk and ring current 

quickly decayed and around 60% activity was lost within 60 h at an applied potential of 

0.4 V vs. RHE (Figure 4.4a). Considering that the element composition, crystalline 

structure, and surface electronic structure of PtP2 all remain the same following stability 

test (Figure S4.16, Appendix C), the degradation is ascribed to size instability which leads 

to nanocrystal aggregation (Figure S4.17, Appendix C) and a significant decrease in 

electrochemical active surface area (EASA) decrease (Figure S4.18, Appendix C). Atomic 

layer deposition (ALD) Al2O3 overcoating was carried out to stabilize the ultrasmall PtP2 

NCs on commercial carbon support by alternately exposing the sample to cycles of 

trimethylaluminum (TMA) and water at 175 C (Figure 4.4b). Figure 4.4c shows that the 

average size of PtP2 NCs is increased to 5.2 ± 0.4 nm due to minor thermal aggregation 

during the mild ALD process. The Al2O3 overcoat thickness is 1.8 ± 0.2 nm after 42 cycles 

(Figure 4.4d and Figure S4.19a). This overcoat thickness is smaller than that expected for 

the typical ALD growth rate for Al2O3 of 1.19 angstroms per cycle, ascribed to the site 

blocking from any hydrophobic organic ligands remaining on the PtP2 NCs surface (Figure 

S4.20, Appendix C). We determined that 42 cycles of ALD Al2O3 is required to stabilize 

PtP2 NCs and maintain ORR durability, but without further processing the ring current 

shows a 32.5% decrease compared to the uncoated sample (Figure S4.21, Appendix C). 

An observed decrease in EASA is consistent with an expected blocking of active sites by 

the ALD layer (Figure S4.22, Appendix C). A balance between increasing the stability and 

maintaining high activity is achieved by annealing the sample following ALD at 600 C in 
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N2 gas for 2 h. The size dispersity and element distribution are well maintained (Figure 

4.4e, g-i), while the overcoat thickness is diminished (~0.54 nm) (Figure 4.4f and Figure 

S4.19b) and the EASA and BET surface area is almost restored (Figure S4.22, Appendix 

C). The disk and ring current of the annealed sample (Al2O3/PtP2-600) remain the same 

before and after 60 h ORR test (Figure 4.4a), indicating that the Al2O3 overcoat and 

activation can stabilize the PtP2 NCs, while maintaining open pathways to the NC surface 

(Figure S4.23, Appendix C). Figure 4.4l shows that the electronic structure of PtP2 NCs is 

not significantly changed by the stabilization process. To further evaluate the effect of the 

activated coating on the electrochemical properties, CO desorption was studied by 

electrochemical CO stripping. Without the activation step, the shift in the oxidation peak 

is lost after Al2O3 overcoating and the current decreases suggesting the active surface is 

blocked. We also note that incorporation of P into Pt facilitates CO desorption, as proven 

by the negative shift of CO oxidation peak (0.11 V) in the CO stripping test (Figure 4.4k). 
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Figure 4.4 (a) Disk and ring current stability of PtP2 and Al2O3/PtP2-600 measured at a constant 

potential of 0.4 V vs. RHE for 60 h. (b) Depiction of Al2O3 coating by ALD and subsequent 

activation. TEM images for (c, d) Al2O3/PtP2 and (e,f) Al2O3/PtP2-600. (d-j) HAADF-STEM image 

and corresponding elemental mapping for Al2O3/PtP2-600. (k) Electrochemical CO stripping tests 

and (f) Pt L3-edge XANES spectra of as-prepared samples before and after ORR.      



105 
 

 

 

 

 

Scalable neutral H2O2 electrosynthesis. Having developed a stable and selective 

electrocatalyst for O2-to-H2O2 conversion, we further incoporated our catalyst into a 

practical H2-O2 polymer electrolyte membrane fuel cell (PEMFC) to synthesize neutral 

H2O2 solution at high concentration and volume. Figure 4.5a shows a schematic diagram 

of a PEMFC using commercial Pt/C anode for H2 oxidation, Nafion 117 membrane for 

proton transportation and elimination of gas crossover, and our Al2O3/PtP2-600 cathode for 

two-electron ORR. The details of the expeirmental setup and operation are shown in Figure 

S4.24 (Appendix C). The Al2O3/PtP2-600 catalyst ink was spray coated onto the carbon 

gas-diffuse layer (GDL) and hot pressed with the Nafion membrane to form the membrane 

electrode assebly (MEA). The overall MEA is compactly connected and no voids are 

observed between the interfaces (Figure 4.5b and c). The Pt, P, and Al elements are well 

distributed across the MEA (Figure 4.5d-f).  The optimized conditions (eg. mass loading, 

catalyst support, water flow rate, and operation temperature) for H2O2 production in 

PEMFC are summarized in Table S4.6 (Appendix C). The optimized mass loading of 

Al2O3/PtP2-600 is determined to be 0.8 mg cm-2 (Figure S4.25, Appendix C), as lower 

loading leads to kinetics loss and higher loading causes high O2 gas mass transport 

reisistance.[31] The current efficiency (CE%) and H2O2 production rate (r(H2O2)) at 50 mA 

cm-2 is 60.8% and 0.57 mmol h-1 cm-2, respectively. A high current efficiency is achieved 

despite the more challenging kinetics for H2O2 production at neutral conditions compared 

to the commonly use acidic conditions. At high current density, cathode flooding is 

typically observed in carbon-based GDE due to the loss of hydrophobicity during PEMFC 

operation.[32] For the PEMFC with 20 wt% teflon-treated GDL, the operating current 
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density can be increased up to 125 mA cm-2 with significantly improved r(H2O2) (1.51 

mmol h-1 cm-2) compared to that with the non-teflon-treated GDE (Figure S4.26, Appendix 

C). Both the highest CE% and r(H2O2) are achieved at a water flow rate of 10 mL min-1 

(Figure S4.27, Appendix C). Increasing the water flow rate within 2-10 mL min-1 is 

benificial to remove the generated H2O2 and minimize its thermochemical 

decomposition.[23] However, further increasing the water flow rate to 20 mL min-1 reduces 

the CE% and r(H2O2), which is ascribed to the O2 mass transport being severely interfered 

under high volume water flow. The optimized temperature is only 40 ℃. Increading 

temperature would improve proton conducticity in the MEA, but the dominant effect is to 

increase H2O2 thermochemical decomposition.[23] Overall, the optimized operation 

conditions of PEMFC for O2-to-H2O2 are: catalyst loading of 0.8 mg cm-2, 20 wt% teflon 

treated carbon GDL, water carrier flow rate of 10 mL min-1, and operation temperature of 

40 C. A maximum r(H2O2) of 2.26 mmol h-1 cm-2 is obtained with the PEMFC operated 

at 150 mA cm-1 with a highest current efficiency of 78.8%  (Figure 4.5g). Moreover, nearly 

no degradation of the H2O2 concentration (14.7 mmol L-1) is observed at a constant 

potential of 0.4 V in 120 h (Figure 4.5h). The compact interfaces for both 

cathode/electrolyte and anode/electrolyte are well maintained after 120 h measurement 

(Figure S4.28, Appendix C). To obtain neutral H2O2 solution with high concentration, the 

product was recycled to run through the catalyst multiple times, following an initial 1 h run 

to accumulate 600 mL H2O2 solution. Under recycling the accumulated H2O2 concentration 

is increased with the operation time and approaches to 1.21 mol L-1 for 120 h. It should be 
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noted that a H2O2 concentration of 3.0 wt% in 600 mL is achieved after 65 h, sufficient for 

medical sterilization, chemical synthesis, and food processing. 

 

Figure 4.5 (a) Schematic diagram of polymer electrolyte membrane fuel cell (PEMFC) for O2-to-

H2O2 production with product recycling. (b,c) Cross-sectional SEM images (d) line-scan elemental 

distribution, and (e,f) elemental mapping of Al2O3/PtP2-600 based MEA. (g) Current efficiency and 

H2O2 production rate as a function of current density under optimized conditions. (h) Time-

dependent neutral H2O2 concentration measured at a constant potential of 0.4 V for 120 h. The 

accumulated  H2O2 concentration in 600 mL when  product is continuously cycled through the 

system. Concentration reaches a metric value of 3.0 wt% after 65 h (inset of Figure 4.5h).         
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4.4 Conclusion 

    Monodisperse colloidal platinum diphosphide (PtP2) NCs were synthesized and applied 

as efficient two-electron ORR electrocatalyst. The PtP2 NCs require a near-zero 

overpotential for H2O2 initialization and achieve a maximum O2-to-H2O2 selectivity of 98.5% 

at 0.27 V vs. RHE. DFT calculation indicates that electron density delocalization in the 

phosphorus-rich material contributes to suitable binding of OOH* intermediate and 

promotion of H2O2 desorption, as well as inhibition of subsequent O-O breakage of OOH* 

to form O* intermediate on Pt sites. With precise ALD Al2O3 overcoating and activation, 

the activity was maintained for 60 h. A PEMFC with Al2O3/PtP2-600 as the cathode catalyst 

achieves a maximum r(H2O2) of 2.26 mmol h-1 cm-2 and a highest current efficiency of 

78.8% with excellent stability. When the product was cycled multiple times through the 

catalyst, the accumulated neutral H2O2 concentration reaches up to 1.21 mol L-1 by 120 h. 

This work provides insight into the development of efficient and stable electrocatalyst for 

selectively produce neutral H2O2 in a practical device. 
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5 COLLOIDAL SILVER DIPHOSPHIDE (AgP2) 

NANOCRYSTALS AS LOW OVERPOTENTIAL 

CATALYSTS FOR CO2 REDUCTION TO TUNABLE 

SYNGAS 

5.1 Introduction 

Syngas with a tunable CO/H2 ratio is a particularly attractive commodity because it can 

subsequently be upgraded to synthetic liquid fuels by industrial Fischer-Tropsch 

reactions.[1] Currently, non-renewable fossil fuels, such as natural gas, coal, and petroleum 

coke, are the predominant sources for syngas production, all of which contribute to 

environmental pollution.[2] The conversion of CO2 into value-added chemicals by use of 

renewable energy (e.g. solar energy) is an ideal approach to achieving a carbon-neutral 

energy cycle,[3] and the development of an efficient and selective catalyst is critical to make 

this technology feasible.  

 For most metallic CO2 reduction catalysts, both theory and experiment have shown that 

only a H2-rich mixture is achievable because the HER process dominates in aqueous 

solution.[4] Au and Ag have emerged as benchmark electrocatalysts for highly selective  

conversion of CO2 to CO.[5] Compared to the Au electrocatalyst, Ag is considerably 

cheaper and shows comparable activity. Various strategies, such as morphology-

nanostructuring,[6,7] size-tuning,[8] defect-engineering,[9] surface ligand functionalization,[10] 

and bimetal alloying,[11] have been utilized to decrease the required overpotential (η) for 

high selectivity of CO2-to-CO on Ag-based electrocatalysts. However, Ag still suffers from 
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a high overpotential and the current density of syngas at low overpotential (η < 500 mV) 

is usually below a metric value of 10 mA/cm2. This hinders reaching the goal of a solar-to-

fuel production efficiency of 10%. Moreover, the ratio of CO:H2 is generally limited to the 

range of 1:2 to 1:1, severely restricting the flexibility for integration with existing chemical 

infrastructure. 

Incorporation of non-metal elements such as phosphorus, sulfur, and boron into metals 

to form multicomponent alloys is an effective way to tailor the electronic structure and 

surface properties of metal electrocatalysts.[12-14] Our previous work studying the hydrogen 

evolution reaction (HER) on CoP found that the electronegative phosphorus was able to 

regulate the binding strength of reaction intermediates adsorbed on cobalt active sites and 

that higher phosphorus content leads to improved electrocatalytic activity.[15] While silver 

diphosphide (AgP2) is an attractive material for electrocatalysis given the success of other 

metal phosphide systems, it is rarely reported due to a lack of synthetic methods to control 

the nanostructured morphology and purity.[16,17] Colloidal synthesis has been well-

investigated for various transition metal phosphide nanocrystals (NCs) and shown to yield 

high monodispersity with controllable morphology. However, only limited work has been 

done on noble metal phosphide (e.g. AgP2) NCs and they have not been employed for CO2 

reduction.[18] It is highly desirable to understand how the incorporation of P into Ag affects 

the catalytic efficiency, overpotential, stability, and selectivity for CO2 reduction 

applications. 

  One attractive method for converting solar energy into chemical fuels is via 

photoelectrochemical (PEC) conversion by pairing an efficient catalyst directly with an 
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absorbing material. However, overall PEC device performance still suffers from the 

limitations of high overpotential, poor selectivity, and instability in the long-term 

operation.[19] Solving these problems requires addressing the PEC process via rational 

design to optimize multiple aspects including (1) generation of free carriers in the 

semiconductor and transport to the surface to maintain a high photovoltage, (2) the 

interface between semiconductor and cocatalyst for efficient charge transfer, and (3) a 

catalyst that exhibits a fast reaction rate at low overpotential while maintaining high 

selectivity. Recently, a wide range of semiconductors, such as p-Si,[20,21] CuFeO2/CuO,[22] 

ZnTe,[23,24] and GaN[25] have been studied in PEC CO2 reduction to produce CO or formate. 

These semiconductors are typically paired with an effective and selective metal cocatalyst 

such as Au, Ag, and Cu. For efficient PEC CO2 reduction, selective cocatalysts are 

generally integrated with a p-type semiconductor to form a multijunction photoelectrode 

which efficiently absorbs incident light, separates the charge carriers, and generates a high 

photovoltage to drive CO2 reduction. P-type silicon (p-Si) is considered to be one of the 

most promising candidates for PEC CO2 reduction due to its narrow band gap (1.1 eV) and 

abundance.[26] Incorporation of a high level of surface n-dopant is able to decouple the band 

bending in the p-Si from the semiconductor-liquid junction to form an n+p built-in 

depletion region, which increases the photovoltage of the p-Si photocathode.[27] However, 

direct contact between n+p-Si and a metal cocatalyst can lead to severe surface 

recombination due to the presence of Fermi level pinning, resulting in a diminished barrier 

height for the Schottky junction and thus significantly lowering the built-in photovoltage.[28] 

Inserting an ultrathin insulator layer to form a metal-insulator-semiconductor (MIS) 
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heterojunction can eliminate Fermi level pinning and provide a higher photovoltage to 

drive the chemical reaction, while also protecting the semiconductor from the corrosive 

electrolyte. Ultrathin and pin-hole free metal oxides, such as Al2O3, TiO2, and SiO2, have 

been fabricated by atomic layer deposition (ALD) and used as tunnel layers for efficiently 

mediating charge transfer from semiconductor to cocatalyst.[29-31] In the past few years, 

MIS-based photoelectrodes have been investigated in PEC water splitting,[32-35] but have 

never been realized in PEC CO2 reduction for syngas production due to the lack of efficient 

and selective metal cocatalysts. 

Herein, sub-4 nm colloidal silver diphosphide (AgP2) NCs are directly synthesized by a 

hot-injection method using silver acetate and tris(trimethylsilyl)phosphine. The highly 

active and selective AgP2 NCs show a maximum Faradaic efficiency of 82% for CO 

production and widely tunable CO:H2 ratio varying from 1:3 to 5:1 in the applied potential 

window. Remarkably, a high current density of -10 mA cm-2 can be achieved at only -0.85 

V vs. RHE for exclusive syngas generation, a reduction of over 0.3 V compared to Ag NCs. 

DFT calculations elucidate the key role of P in reducing the free-energy of the *COOH 

intermediates and predict a 3-fold decrease in the overpotential for CO generation, 

consistent with experimental observations. The high current density at low overpotential 

and negligible light absorption/reflection make nanostructured AgP2 an ideal cocatalyst for 

PEC CO2 reduction. A hybrid photocathode is fabricated consisting of AgP2 deposited on 

Al2O3-protected n+p-Si. This n+p-Si/Al2O3/AgP2 photocathode exhibits an impressive 

onset potential of 0.2 V vs. RHE for CO2 electroreduction. Moreover, a maximum Faradaic 

efficiency of 67% and 89% for CO production is achieved at -0.2 V vs. RHE in CO2-
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saturated 0.5 M NaHCO3 solution and 50 vol% ionic liquid mixed solution, respectively. 

This work elucidates the role of P in generating efficient metal phosphide-based CO2 

reduction catalysts as well as providing a guide for the design of efficient and stable hybrid 

photocathodes for highly selective PEC CO2 reduction. 

5.2 Experimental Section 

    Synthesis of sub-4 nm silver phosphide (AgP2) NCs. Silver acetate (0.5 mmol, 0.0835 

g), OAm (6 mL), OA (1 mL), and ODE (6 mL) were added into a 50-mL three-neck, round 

bottom flask containing a stirring bar. This solution was placed under vacuum at 60 and 

120 ℃ to degas for 30 min, respectively, to remove the low boiling point impurities and 

oxygen. The solution was placed under nitrogen and heated to 180 ℃. Meanwhile, a second 

precursor solution comprising of 2 mL (Me3Si)3P (10 wt% in hexane) and 1 mL ODE was 

degassed under vacuum and room temperature for 10 min in a 10 mL vial with a septum 

cap to remove hexane. The (Me3Si)3P solution was rapidly injected into the reaction flask 

at 180 ℃ and kept for 10 min at this temperature. Finally, the solution was maintained at 

80 ℃ for 1 h to complete the Ostwald ripening and then cooled to room temperature. The 

reaction mixture was centrifuged at 6000 rpm for 6 min. The isolated precipitate was re-

suspended in hexane, then acetone and methanol were added to create a 1: 6: 1 (v:v:v) 

hexanes: acetone: methanol solution to cause aggregation of the NCs. The resulting cloudy 

solution was centrifuged. This isolated solid was redissolved in hexane and the process 

repeated an additional three times. Finally, the product was dispersed in hexane (2 mg/mL).  

For comparison, 10 nm AgP2 NCs were synthesized similarly but the reaction time at 

180 ℃ was 25 min instead of 10 min. Ag NCs were synthesized by co-heating the 
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precursors of silver acetate (0.5 mmol), 8 mL OAm, 0.5 mL OA at 180 ℃. 4 nm and 10 

nm Ag NCs were obtained at reaction time of 40 min and 2 h, respectively.  

Materials Characterizations. All the basic physical characterizations, such as ICP-MS, 

XRD, TEM/HRTEM, XPS, XAFS are same with that in chapter 3 and 4. Ultraviolet 

photoelectron spectroscopy (UPS) was performed using the same XPS instrument with a 

165 mm hemispherical sector analyser. UPS was measured with a He I (21.2 eV) radiation 

source and a total energy resolution of 200 meV. The femtosecond TA spectroscopy was 

carried out using PHAROS laser operating at 10 kHz coupled to an ORPHEUS optical 

parametric amplifier in tandem with a LYRA harmonic generator to produce the desirable 

wavelength for sample excitation. Relatively low pump intensity of 50 µW and 400 µJ cm-

2 was used for femtosecond and microsecond TA experiment. A portion of laser output was 

split off to pump a sapphire crystal to generate a white light continuum for the probe beam 

in the region of 500-900 nm. Diffuse reflectance mode was adopted due to the non-

transparent silicon photocathodes. The TA intensity is displayed as % absorption = (1 - 

R/R0) × 100, where R and R0 are the probe pulse intensities with and without excitation, 

respectively.      

Catalyst inks and electrode preparation. The preparation procedures are the same with 

that in chapter 3 and 4. 

 Electrochemical measurements. CO2 electroreduction was carried out in a customized 

H-type cell separated by a Nafion 117 membrane with 0.5 M KHCO3. Each compartment 

contained 20 mL electrolyte and 10 mL headspace. A conventional three-electrode system, 

namely a disk shaped glassy carbon electrode (0.20 cm2) coated with catalyst was used as 
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the working electrode, Ag/AgCl as the reference electrode, and platinum foil as the counter 

electrode, was employed for CO2 reduction with a Reference 600 potentiostat (Gamry 

Instrument Inc). The electrolyte solution was purged with high purity CO2 gas for at least 

1 h until a pH of 6.8 was reached before the electrochemical measurements. Before CO2 

electrolysis, the headspace was also purged for 20 min. The polarization curves were 

obtained with a scanning rate of 5 mV/s. Chronoamperometry was performed at a fixed 

potential for 2 h by maintaining constant CO2 flow rate. Gas-phase products were sampled 

every 30 min using a 50 µL gas-tight syringe (Hamilton). A gas chromatograph (GC, 

Agilent 6890) with a thermal conductivity detector was used for quantification. Liquid 

products were detected and quantified using a Bruker Avance 400 MHz NMR spectrometer. 

Typically, a 500 µL electrolyte was sampled after electrolysis and mixed with 100 µL D2O 

and 1.67 ppm DMSO. The electrode stability was tested by chronoamperometry under a 

constant potential of -0.8 V vs. RHE for 12 h. The EIS, Mott−Schottky, and 

electrochemical active surface area (EASA) measurements are the same with those in 

chapter 3 and 4.   

Fabrication of hybrid photocathode. Degenerately boron-doped Si wafers with resistivity 

of 0.002 Ω cm-1 (p-type, 500 µm) were cut into 2 × 1.5 cm2 pieces. The p-Si wafers were 

cleaned and etched in hydrofluoric acid to remove the native oxide and trace contaminants. 

The surface n-type doping of the p-Si wafers was treated with phosphorus from POCl3 gas 

for 10 min at 900 °C. The backside of each p-Si based photocathode was scratched and 

painted with a gallium indium eutectic for good electrical contact. The Al2O3 surface 

protective layers were deposited on the n+p-Si by a GEMSTAR-6 atomic layer deposition 
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(ALD) system. Trimethylaluminum (TMA) and distilled water (H2O) were used as 

precursors of Al and O, respectively. The ALD of Al2O3 was carried out at a substrate 

temperature of 175 C. Each precursor was held in the chamber for 2.2 seconds, followed 

by a 28 second nitrogen purge. The growth rate per cycle (GPC) was identified by X-ray 

reflectivity on films deposited on optically polished silicon wafers with a native surface 

oxide. The GPC was 1.2 Å for Al2O3. Next, the AgP2 NC cocatalyst layer was deposited 

by layer-by-layer spin coating using 200 μL of the AgP2 NCs solution (0.2 mg/mL) for 

each cycle. The spin-coating was carried out at 4000 rpm for 45 s. The optimized spin cycle 

for AgP2 deposition is identified as 1 cycle.  Finally, the hybrid photocathode was treated 

by annealing at 200 C for 60 min in a tube furnace under a flow of N2.  

    Photoelectrochemical (PEC) measurements. The photoelectrochemical activity of the 

photocathodes was measured in a home-made PEC reactor with a three-electrode system 

using a Reference 600 potentiostat (Gamry Instrument Inc). The prepared n+p-

Si/Al2O3/AgP2 served as the working electrode, a platinum plate as the counter electrode, 

and Ag/AgCl as the reference electrode. A Nafion 117 membrane was inserted into the 

PEC reactor to separate the working and counter electrodes. The electrolyte was a CO2-

saturated 0.5 M KHCO3 solution. The basic PEC and IPCE measurements are the same 

with that in chapter 3. For the interfacial charge transport characterization, cyclic 

voltammograms were recorded under dark or light illumination in a ferri/ferrocyanide 

solution which was made of 10 mM of both K3Fe(CN)6 and K4Fe(CN)6 in 1 M aqueous 

KCl.  
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5.3 Results and Discussions 

    Synthesis and characterization. To synthesize monodisperse and crystalline silver 

phosphide NCs, a reactive phosphorus precursor is key for achieving the necessary balance 

of Ag+ reduction and P incorporation. Although the trioctylphosphine (TOP) has been 

generally used to synthesize transition metal phosphide NCs,[36] the use of TOP requires a 

high temperature (> 280 ℃) to achieve TOP decomposition to generate the PH3 

intermediate. For silver phosphide NCs synthesis, the reduction rate for Ag+ to Ag is too 

fast at high temperature and severe aggregation and precipitation occurs.[37] 

Tris(trimethylsilyl)phosphine (P(SiMe3)3) has sufficient reactivity to be an alternative to in 

situ PH3 generation, opening up a wider temperature window. High-quality silver 

phosphide NCs are obtained by hot-injection at 180 ℃, maintaining the temperature for 10 

min, then fast cooling to 80 ℃ where the temperature is held for 60 min. This process is 

able to efficiently decouple the nucleation formation and growth stages. Inductively-

coupled plasma mass spectroscopy (ICP-MS) was used to determine the chemical 

composition of the silver phosphide NCs and gives an atomic ratio of silver to phosphorus 

of 0.505, consistent with AgP2 (Table S5.1, Appendix D). Energy-disperse X-ray 

spectroscopy (EDS) of AgP2 shows a similar Ag:P ratio of 0.517 (Figure S5.1, Appendix 

D). The X-ray diffraction (XRD) pattern of AgP2 NCs is highly matched with the 

monoclinic structure (ICDD PDF: 01-018-1185) (Figure S5.2, Appendix D), and notably 

does not show the existence of a crystalline Ag impurity in the silver phosphide NCs. The 

central Ag atom is octahedrally coordinated by P atoms, while P atoms are tetrahedrally 

coordinated by P and Ag atoms (Figure S5.3, Appendix D). The P-rich composition distorts 
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the Ag cubic structure and potentially leads to exposure of abundant uncoordinated sites to 

be exploited for catalysis. The transmission electron microscopy (TEM) image of the as-

synthesized AgP2 NCs shows a relatively uniform spherical morphology with the average 

size of 3.5 ± 0.5 nm (Figure 5.1a). Two sets of lattice fringes are observed, showing 

interplane distances of 0.41 and 0.39 nm corresponding to the (011) and (1̅02) planes of 

the monoclinic AgP2 (Figure 5.1b). The intersected angle between the (011) and (1̅02) 

planes is 63°, very close to the monoclinic theoretical value of 65°. The two lattice fringes 

are also found in the selected-area electron diffraction (SAED) image and fast Fourier 

transform (FFT) image (Figure S5.4, Appendix D). To allow for a better comparison with 

the 10 nm Ag NCs used as a reference and to better understand the effects of ultrasmall 

NC size, AgP2 NCs with a larger size of around 10 nm were obtained by extending the 

reaction time at 180 ℃ to 25 min. For the 10 nm AgP2 NCs, only a general (111) plane is 

presented on nanocrystal surface (Figure S5.5, Appendix D), indicating the critical role of 

controlling nanocrystal size on enhancing the exposure of high index planes which may 

exhibit higher catalytic activity.[8] High-angle annular dark-field scanning TEM (HAADF-

STEM) image shows a single AgP2 NC that possesses well-defined spherical geometry 

(Figure 5.1c). Figure 5.1d-f show the elemental mapping of an individual AgP2 NC 

obtained by HAADF-STEM-EDS, in which the Ag and P elements are evenly distributed 

throughout the whole NC.  

X-ray absorption spectroscopy (XAS) was carried out to reveal the effect of phosphorus 

incorporation on the local geometric and electronic structures of silver in AgP2 NCs. Figure 

5.1g shows the Ag K-edge X-ray absorption near-edge structure (XANES) spectra of 4 nm 

http://onlinelibrary.wiley.com/doi/10.1002/adma.201205315/full#fig2
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AgP2 NCs, 10 nm AgP2 NCs, 10 nm Ag NCs, and Ag foil. The rising edge of AgP2 NCs 

shows a positive shift compared with that of Ag NCs due to the increased Ag valence 

oxidation state after incorporation of P into Ag. This can be ascribed to an electron density 

shift from Ag to P-rich regions with high electronegativity.[38] The donor-acceptor nature 

of electron density distribution in AgP2 NCs is confirmed by X-ray photoelectron 

spectroscopy (XPS) (Figure S5.6, Appendix D). The binding energy of Ag 3d5/2 for AgP2 

NCs is positively shifted (0.7 eV) from that of Ag 3d5/2 for Ag NCs, while there is negative 

shift for the binding energy of P 2p3/2 (128.6 eV) in AgP2 NCs when compared to that of 

elemental P (130.0 eV).[15] The “white line” intensity for AgP2 NCs is stronger than that 

for Ag NCs, which indicates a decrease in the number of electrons in the Ag frontier 

orbitals.[39] Moreover, decreasing the size of AgP2 NCs leads to increases of both rising 

edge intensity and white line intensity, which are ascribed to the changes of coordination 

environment and surface states.[40] The Fourier transforms of the k3-weighted extended Ag 

K-edge X-ray absorption fine structure (EXAFS) spectra were shown in Figure 5.1h. The 

EXAFS fitting results are summarized in Figure S5.7 and Table S5.2 (Appendix D). The 

peaks located 1.60, 2.20, and 2.86 Å are assigned to the Ag-O, Ag-P, and Ag-Ag bonds of 

4 nm AgP2 NCs, respectively. The Ag-Ag bond length for AgP2 NCs is larger than that for 

Ag NCs and Ag foil (2.65 Å), which is ascribed to the negatively charged P-rich clusters 

strongly binding the surrounding Ag atoms and thus weakening the Ag-Ag bonding 

strength. The P incorporation into Ag also results in a decrease of coordination numbers of 

Ag-Ag and structural disorder (Table S5.2, Appendix D). A positive shift of 0.09 Å is 

observed for the Ag-P bond length when decreasing the nanocrystal size. This relaxation 
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of Ag-P bond might be attributed to the increased unsaturated sites in the smaller AgP2 

NCs. 

 

Figure 5.1 (a) TEM image, (b) HRTEM image, (c) HAADF-STEM, (d, e, f) elemental mapping 

images of AgP2 NCs. (g) X-ray absorption near-edge structure (XANES) spectra of 4 nm AgP2 

NCs, 10 nm AgP2 NCs,  Ag NCs, and Ag foil. (h) Corresponding extended X-ray absorption fine 

structure (EXAFS) spectra. 

 

Electrochemical CO2 reduction and operando spectroscopy. The CO2 electroreduction 

performance of 4 nm AgP2 NCs was measured in a Nafion membrane-separated H-type 
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cell. For comparison, the performance of 10 nm AgP2 NCs, 4 nm Ag NCs, and 10 nm Ag 

NCs was also measured. The gaseous and liquid products were determined by a gas 

chromatography (GC) and H1 NMR, respectively, and only CO and H2 were observed. The 

geometric current density, CO and H2 Faradaic efficiency, and CO partial current density 

as a function of potential for 4 nm AgP2 NCs are summarized in Table S5.3 (Appendix D). 

Figure 5.2a shows the polarization curves acquired in a CO2-saturated 0.5 M KHCO3. The 

4 nm AgP2 NCs achieve a current density as high as -15.2 mA cm-2 at -1.0 V vs. RHE, 

roughly 3.6 times higher than that of Ag NCs. The enhanced overall electrochemical 

activity of the 4 nm AgP2 NCs is potentially related to increased electrochemical active 

surface area (EASA) and interfacial charge transfer rate (Figure S5.8 and 9, Appendix D). 

The onset potential (Eonset, CO) for initial CO generation (defined as the potential required 

for jCO = -0.01 mA cm-2) on 4 nm AgP2 NCs is -0.22 V vs. RHE, which is only 110 mV 

lower than the thermodynamic potential of CO2-to-CO reaction. In comparison, the Eonset, 

CO for 4 nm and 10 nm Ag NCs is -0.59 V vs. RHE (η = 480 mV). The 4 nm AgP2 NCs 

exhibit an overpotential for the same partial density of CO (jCO) that is consistently on the 

order of 0.3 V lower than Ag NCs (Figure S5.10, Appendix D). The source of the anodic 

shift of onset potential and decreased overpotential for CO2-to-CO will be discussed below 

in detail. The improved performance of the 4 nm AgP2 NCs compared to the 10 nm AgP2 

NCs is attributed to not only a higher surface area but also an increased exposure of high 

index surfaces as discussed below. Notably, the 4 nm AgP2 NCs exhibit a remarkable 

geometric jCO of -0.27 and -8.7 mA cm-2 at -0.5 and -1.0 V vs. RHE, respectively, which is 

the one of the highest values reported for Ag-based electrocatalysts for CO2 reduction 
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(Table S5.4, Appendix D). A maximum FECO of 82% and minimum FEH2 of 15% is 

simultaneously achieved at -0.8 V vs. RHE (Figure 5.2b), indicating CO2-to-CO reduction 

is more favorable than the competitive hydrogen evolution reaction on 4 nm AgP2 NCs. 

The CO:H2 ratio in the syngas product varies from 1:3 to 5:1 in the potential range of -0.4 

to -1.0 V vs. RHE. This is the widest range of syngas proportions for all Ag-based 

electrocatalysts (Table S5.4, Appendix D), and even superior or comparable to recently 

reported electrocatalysts with impressive syngas efficiency, such as Au-Cu (1:2 to 4:1),[41] 

Pd/C (1:4 to 1:1),[42] Co3O4-CDots-C3N4 (1:4 to 14:1),[43] MoSeS (1:3 to 1:1),[44] and 

CdSxSe1-x (1:4 to 4:1).[45] Notably, the 4 nm AgP2 NCs achieve all the key syngas ratios 

with nearly 100% Faradaic efficiency within an overpotential of 500 mV, e.g. 1:3 (-0.413 

V vs. RHE), 2:5 (-0.458 V vs. RHE), 1:2 (-0.494 V vs. RHE), 1:1 (-0.600 V vs. RHE), and 

4:3 (-0.610 V vs. RHE) (Table S5.3). All these syngas ratios can be generated with 

negligible change at the corresponding potentials for 12 h (Figure S5.11, Appendix D), 

which allows the facile synthesis of the feedstock ratios for all of the common value-added 

hydrocarbons in Fischer-Tropsch processes.[1] For comparison, a much lower FECO,max and  

narrower CO:H2 range is observed for Ag NCs (Table S5.5 and 6, Appendix D). 

Additionally, the durability of 4 nm AgP2 NCs, 10 nm AgP2 NCs, and 10 nm Ag NCs was 

tested at a high constant potential of -0.8 V vs. RHE (Figure 5.2c). A stable jCO with 

negligible decay within 12 h is observed on 4 nm AgP2 NCs, compared to 13.2% and 21.8% 

activity decay for 10 nm AgP2 NCs and 10 nm Ag NCs, respectively. ICP-MS, TEM, and 

XPS confirm that the 4 nm AgP2 NCs remain almost the same after 12 h CO2 reduction 

(Figure S5.12-14, Appendix D).  Based on these results, ultrasmall AgP2 NCs are clearly a 
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promising CO2  reduction electrocatalyst for producing a wide proportion of syngas with 

high current density and stability. 

To gain insight into the electronic structure and relationship between the chemical state 

of the 4 nm AgP2 NCs and the catalytic selectivity during CO2 electroreduction, operando 

XANES and EXAFS measurements were carried out under various applied potentials for 

30 min in aqueous CO2-saturated 0.1 M KHCO3 (Figure 5.2d and e). Commercial AgO, 

Ag2O, and Ag foil were used as references and a linear combination of XANES spectra 

was fitted to the in-situ Ag K-edge spectra (Figure S5.15, Appendix D). The absorption 

edge (E0) and corresponding oxidation state of the silver species in AgP2 under various 

potentials are summarized in Table S5.7 (Appendix D). For the as-prepared AgP2 NCs, the 

absorption edge and radial distance of Ag-Ag are close to that of the AgO sample, and the 

initial oxidation state of the silver species is calculated to be +1.96. Under open circuit 

potential (OCP), the oxidation state remains the same. When the applied potential increases 

to -0.4 V vs. RHE, the absorption edge shows a negative shift and a small Ag-Ag peak 

appears at the radial distance of 2.74 Å, suggesting the AgP2 is partially reduced and the 

average oxidation state decreases to +1.72. At the potential of -0.8 V vs. RHE, which 

corresponds to the peak in selectivity for CO2-to-CO, the oxidation state of the silver 

species is further reduced to +1.08. The evolution of the silver oxidation state in AgP2 from 

+1.96 to +1.08 occurs rapidly within 2 min under applied potential of -0.8 V vs. RHE and 

remains stable for 2 h. In comparison, AgO and Ag2O are reduced to Ag0 in less than 50 s 

at -0.8 V vs. RHE (Figure S5.16, Appendix D), which suggests that the rich-P content is 

beneficial to stabilize Ag+1.08.  Maintaining this positive oxidation state under a highly 
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reductive potential may be the key to the lowered the activation barrier of the initial CO2 

reduction step and the stable and selective production of CO2-to-CO at -0.8 V. If the applied 

potential goes further to -1.2 V vs. RHE, the spectrum is matched with the Ag foil, 

indicating a complete transition from Ag+1.08 to Ag0. The operando measurements suggest 

phosphorus is capable of stabilizing a relatively high silver oxidation state which is critical 

to high FECO and wide CO:H2 range within a low overpotential window (Figure 5.2f). 

 

Figure 5.2 Electrochemical measurements of 4 nm AgP2 NCs, 10 nm AgP2 NCs, 4 nm Ag NCs, 

and 10 nm Ag NCs in CO2-saturated 0.5 M KHCO3 solution: (a) Linear sweep voltammetric curves; 

(b) Faradaic efficiency of CO and H2 and CO/H2 ratio; (c) Stability of partial CO current density 

(jCO) measured at -0.8 V vs. RHE for 12 h.  (d) In-situ silver K-edge XANES and (e) EXAFS spectra 

of 4 nm AgP2 NCs after 30 min at the specified potential. Pristine AgP2 NCs, AgO, Ag2O, and Ag 

foil are included as references. (f) Faradaic efficiency of CO and CO:H2 ratio as a function of Agδ+ 

in AgP2 and Ag. 
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    Theoretical DFT calculation on electrocatalysts. The schematic diagram of CRR and 

HER processes for tunable syngas production is summarized in Figure 5.3a, where the ratio 

of syngas can be tuned over a wide range by changing applied potentials to meet input 

ratios necessary for the Fischer-Tropsch synthesis of hydrocarbons and alcohols. Silver-

based CO2 reduction electrocatalysts generally follow two hydrogenation steps plus one 

nonelectrochemical CO desorption, i.e.,  CO2 →∗ COOH →∗ CO → CO. Density functional 

theory (DFT) was used to understand the key role of phosphorus alloying on the low 

overpotential and highly tunable syngas ratio observed on AgP2 NCs relative to Ag NCs. 

Low index (111) and high index (211) facets were selected as representative surfaces for 

AgP2.
[46] Since hydrogen evolution reaction (HER) is a competitive process with CO2 

reduction reaction (CRR) in aqueous solution, DFT calculation was initially used to 

determine the free energy for atomic hydrogen adsorption (ΔGH*) on AgP2 and Ag 

electrocatalysts. The calculated ΔGH* on AgP2 (211), AgP2 (111), and Ag (111) surfaces 

are shown in Figure 5.3b and corresponding complete structures and energies are provided 

in Figure S5.18 and Table S5.8 (Appendix D). The closed packed Ag (111) surface exhibits 

a large positive ΔGH* of 0.510 eV, which implies a high energy barrier for hydrogen 

adsorption process, consistent with previously reported Ag-based HER catalysts.[47] For 

AgP2 (211) and AgP2 (111), weak absorption of atomic H* on silver is still observed, with 

an average ΔGH* of 0.806 and 0.443 eV for AgP2 (211) and AgP2 (111), respectively. 

However, the HER process can proceed via P sites, and the AgP2 (111) surface has P sites 

(denoted P1 and P2) with a ΔGH* of 0.036 and -0.039 eV, favorable for hydrogen production. 

Interestingly, for the high-index surface AgP2 (211), all three P HER active sites (denoted 
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as P1, P2, and P3) have much lower ΔGH* values (-0.360, -0.436, and -0.486 eV, 

respectively). Not only will this strong adsorption of H* on phosphorus sites suppress the 

HER rate, but the adsorbed H* may also be delivered to the adsorbed carbon species on 

adjunct silver sites to promote the hydrogenation reaction.   

The optimized geometrics of *COOH and *CO intermediates on AgP2 (211), AgP2 (111), 

and Ag (111) surfaces and corresponding adsorption energy are included in Figure S5.19 

and Table S5.9 (Appendix D). Figure 5.3b depicts the free energy diagram for the lowest 

free-energy path for the selective CO2-to-CO pathway at an equilibrium potential of -0.11 

V vs. RHE. For all three surfaces, the initial CO2 hydrogenation is the rate-determined step 

for the CO2-to-CO process, however ΔG*COOH for both AgP2 surfaces is over 3-fold lower 

than that for Ag. This is in excellent agreement with the experimentally observed decrease 

in the overpotential for CO2 reduction. The minimal applied potential (Ump) for CO2-to-

CO reduction on AgP2 (211), AgP2 (111), and Ag (111) is determined as -0.355, -0.434, 

and -1.134 V vs. RHE, respectively (Figure S5.20, Appendix D). This theoretical Ump is of 

greater magnitude than the experimental Eonset,CO on 4 nm AgP2 NCs of -0.22 V vs. RHE, 

indicating non-thermodynamic factors might be involved in lowering the activation energy 

barrier of the first hydrogenation process. At the same time, CO remains only weakly 

adsorbed on AgP2 with a binding free-energy of around 0.085 eV. This is consistent with 

the experimental observation of CO as the major product, and while CO is bound more 

tightly for AgP2 than for Ag, it is far from the strong adsorption regime that causes catalyst 

poisoning for Pt-based catalysts where binding strength on the order of -1 eV.[48] 

Comparing the 4 nm AgP2 NCs versus 10 nm AgP2 NCs, the higher electrocatalytic 
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performance and ability to achieve high CO content syngas for the 4 nm AgP2 is consistent 

with the enhanced presence of high index planes such as (211) on the ultrasmall NCs.[8]  

 

Figure 5.3 (a) Schematic diagram of selective CO2-to-syngas on AgP2 (211). Free energy change 

(ΔG) calculated for the (b) HER and (c) selective CO2-to-CO reaction. (d) Optimized *COOH 

adsorption configuration and (e) corresponding PDOS on AgP2 (211) and Ag (111).  

The reduction in overpotential is due to stronger binding of the adsorbed species.  

Analysis of the partial density of states (PDOS) and Bader charge is used to understand the 

role of P in increasing the binding to Ag. PDOS shows that in AgP2 the valence Ag4d orbital 

is more delocalized with higher density d-valence band states compared to Ag at the Fermi 
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level (Figure 5.3e). This leads to a higher overlap between Ag4d and C2p, consistent with 

stronger *COOH adsorption.[49] The Ag-C bond lengths of 2.15 Å for AgP2 is shorter than 

that for Ag (Figure 5.3d), suggesting tighter binding of *COOH on AgP2. Bader charge 

analysis shows that the bond strength increases with the partial positive charge on Ag, with 

the most stable *COOH adsorption site on AgP2 (211) having a Bader charge of Ag0.2+ 

compared to metallic Ag0 sites.[50] We note that the sites with strongest adsorption also 

have the lowest degree of coordination, with P acting to disrupt the close packed structure 

of the Ag lattice and decrease coordination. 

    Hybrid photocathode construction and PEC measurement. Inspired by the efficient 

activity, selectivity, and stability of 4 nm AgP2 NCs toward syngas from CO2 

electroreduction, we further integrated 4 nm AgP2 NCs onto a surface-protected n+p-Si 

semiconductor to build a hybrid photocathode of n+p-Si/Al2O3/AgP2 based on the metal-

insulator-semiconductor design. Briefly, an ultrathin 2 nm Al2O3 layer was deposited by 

atomic layer deposition to protect the underlying silicon semiconductor from electrolyte 

corrosion and eliminate the potential for additional interfacial resistance due to in-situ 

growth of silicon oxide. Highly diluted 4 nm AgP2 NCs were subsequently deposited using 

spin coating and monodispersely distributed on the surface without any aggregation (Figure 

S5.21, Appendix D). The mechanism for PEC CO2 reduction is depicted in Figure 5.4a and 

begins with the photogenerated minor carrier electrons in n+p-Si accumulating at the n+p-

Si/Al2O3 interface. The Al2O3 is kept thin enough to allow efficient electron tunneling into 

the AgP2 cocatalyst, and selective CO2 electroreduction occurs at the AgP2 surface. The 

work function of AgP2 NCs (4.2 eV) is smaller than that of Ag NCs (4.8 eV) (Figure S5.22, 
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Appendix D), indicating the Schottky barrier height of n+p-Si/Al2O3/AgP2 is higher than 

that of n+p-Si/Al2O3/Ag. The increased barrier height and metallic nature of AgP2 (Figure 

S5.23, Appendix D) is capable of providing a higher photovoltage for solar-to-fuel 

reactions. Figure 5.4b shows a cross-sectional HRTEM image of the n+p-Si/Al2O3/AgP2 

interface. The corresponding elemental distribution from STEM-EDS line scan across the 

n+p-Si/Al2O3/AgP2 interface is shown in Figure 5.4c. The Al signal is clearly evident at the 

interface between the Si and Ag signal. The Si semiconductor and AgP2 cocatalyst are well 

separated by the ultrathin and conformal Al2O3 layer, which is expected to eliminate the 

Fermi level pinning caused by the directly contacted Schottky junction.[28] The optical 

absorption spectra of the as-prepared samples are shown in Figure S5.24 (Appendix D). 

The n+p-Si/Al2O3/AgP2 shows a similar absorption in the range of 400–900 nm compared 

with n+p-Si and n+p-Si/Al2O3, indicating the negligible light absorption and reflection loss 

from the ultrathin ALD oxide and sparse AgP2 nanocrystal layer. 

Figure 5.4d shows the current density vs. potential (j-E) curves of the as-prepared n+p-

Si/Al2O3/AgP2 photocathode in a CO2-saturated 0.5 M KHCO3 solution under simulated 

AM-1.5G solar illumination. Under dark condition, the n+p-Si/Al2O3/AgP2 shows a very 

negative onset potential of -0.16 V vs. RHE (defined as the potential to attain a total current 

of -0.1 mA cm-2) and negligible current in the potential window. Under illumination, n+p-

Si/Al2O3/AgP2 exhibits the most positive onset potential (Eonset = 0.42 V vs. RHE) 

compared to control devices in which select layers are missing:  n+p-Si/Al2O3 (0.28 V vs. 

RHE), n+p-Si/AgP2 (0.31 V vs. RHE), and n+p-Si (0.12 V. RHE). The photovoltage for 

n+p-Si/Al2O3/AgP2 is around 580 mV, as estimated by the difference in potential required 
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to achieve -0.1 mA cm-2 under dark versus illumination. This high output photovoltage is 

superior or comparable to state-of-the-art p-Si photocathodes, such as Ni-Mo/n+p-Si NW 

(560 mV),[51] CoP-n+p Si (580 mV),[52] and p-Si/NiCoSex (500 mV).[53] The high 

photovoltage is attributed to (1) the ultrathin Al2O3 overlayer being capable of passivating 

the surface states of n+p-Si and increasing the output photovoltage for PEC reaction,[34] and 

(2) the AgP2 acting as cocatalyst for lowering the reaction barrier and therefore providing 

a fast interfacial reaction rate. At the CO2-to-CO reduction potential of -0.11 V vs. RHE, 

n+p-Si/Al2O3/AgP2 achieves a total current density (j-0.11, total) of -5.2 mA cm-2. The 

remarkable j-0.11, total is higher than that of the other photocathodes towards CO2 reduction, 

such as Au3Cu NP/Si NW (j-0.11, total = -2.2 mA cm-2),[20] RA-Au/n+p-Si (j-0.11, total = -4.0 mA 

cm-2),[21] N:C/N:ZnTe (j-0.11, total = -1.2 mA cm-2),[54] and Cu-ZnO/GaN/n+p-Si (j-0.11, total = -

1.2 mA cm-2).[55] The Faradaic efficiency for H2 and CO in the potential range from -0.6 to 

0.2 V vs. RHE is summarized in Figure 5.4e and Table S5.10 (Appendix D). Detectable 

CO (FECO = 18%) starts to be observed at 0.2 V vs. RHE (Eonset, CO) for n+p-Si/Al2O3/AgP2, 

while the Eonset, CO negatively shifts to 0.09 V vs. RHE for n+p-Si/Al2O3/Ag, indicating that 

AgP2 is more suitable as a cocatalyst for CO2-to-CO than Ag, consistent with the CRR 

results presented above. The n+p-Si/Al2O3/AgP2 simultaneously shows a maximum FECO 

of 67 % and minimum FEH2 of 31% at -0.2 V vs. RHE. When further increasing the applied 

potential, the FECO is decreased due to the limitation of CO2 mass transport and hydrogen 

evolution becomes the dominant reaction. In the potential window from -0.6 to 0.2 V vs. 

RHE, the CO/H2 ratio in the PEC syngas product can be tuned in a large range of 1:5 to 

2:1, suggesting that a route to tunable syngas feedstocks for various value-added chemicals 
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can be realized using the renewable sources of solar energy, CO2, and H2O. Notably, the 

impressive Eonset, CO and partial photocurrent density for CO at -0.11 V vs. RHE (j-0.11, CO = 

-3.2 mA cm-2) are the best values among all the reported photocathodes for CO2 reduction 

(Table S5.11, Appendix D). The stability for PEC CO2 reduction was tested at a constant 

potential of -0.2 V vs. RHE for 12 h (Figure S5.25, Appendix D). Only a minimal change 

is observed in both total photocurrent density and FECO during the long-term PEC CO2 

reduction measurement. The incident photon-to-current conversion efficiency (IPCE) of 

n+p-Si/Al2O3/AgP2 reaches a maximum of 67% at 680 nm, while the absorbed photon-to-

current conversion efficiency (APCE), calculated using the absorption, reflection and 

transmission data from Supplementary Fig. 24, reaches a much higher maximum of 85% 

(Figure S5.26, Appendix D). Furthermore, the addition of 1-butyl-3-methylimidazolium 

(BMIM-BF4) ionic liquid into the 0.5 M KHCO3 solution, an enhanced FECO of 89% at -

0.2 V vs. RHE is reached (Table S5.11, Appendix D). The adsorbed BMIM-BF4 on the 

catalysts surface lowers the energy barrier for reducing CO2 to CO2˙
ˉ, enhancing CO 

production while simultaneously suppressing hydrogen evolution.[56,57]  

The critical roles of each layer in the MIS structure are made clear by a comparison to 

the control substrates missing select layers. No CO is detected in gas products for both n+p-

Si and n+p-Si/Al2O3 within the overpotential of 400 mV because hydrogen evolution is 

more favorable than CO2 reduction in aqueous solution without the selective cocatalyst. 

For the n+p-Si/AgP2 photocathode without the protective ALD layer, a more negative Eonset, 

CO  is observed compared to the n+p-Si/Al2O3/AgP2 (Table S5.11, Appendix D), confirming 

the key role of ultrathin Al2O3 in ensuring high photovoltage output. Even more critically, 
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as high as 75% photocurrent decay is observed during the stability test for n+p-Si/AgP2 

(Figure S5.25, Appendix D), which is attributed to either etching or an in situ increase in 

the thickness of the silicon oxide insulator leading to an increased interfacial charge 

transport resistance. 

 

Figure 5.4 (a) Schematic energy level alignment. (b) Cross-sectional HRTEM image of n+p-

Si/Al2O3/AgP2 hybrid photocathode and (c) corresponding line-scan elemental EDS spectra. (d)  j-

E curves of as-prepared n+p-Si, n+p-Si/AgP2, n+p-Si/Al2O3, and n+p-Si/Al2O3/AgP2 photocathodes 

under simulated solar illumination (AM-1.5G, 100 mW cm-2) in CO2-saturated 0.5 M KHCO3 

solution. (d) Faradaic efficiency of CO and H2 at different potentials for  n+p-Si/Al2O3/AgP2. 
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    Interfacial charge transport. The solar-to-fuel conversion efficiency highly depends on 

the charge transport across the interfaces between semiconductor, protecting layer, and 

cocatalyst in the hybrid photocathode structure. Cyclic voltammograms (CVs) in 

ferri/ferrocyanide redox solution were required to gain a clearer understanding of charge 

transfer in the as-prepared photocathodes as shown in Figure 5.5a. Under dark conditions, 

only an oxidation peak is present in the CV curve of n+p-Si/Al2O3/AgP2. The lack of a 

reduction peak can be explained by the absence of electrons at the solid 

electrode/electrolyte interface for Fe (III) reduction or water reduction.[32,58] In contrast, a 

symmetric CV curve with narrow peak-to-peak splitting (61 mV) and a positive shift (380 

mV) in the anodic oxidation peak is observed under illumination, indicating the 

photogenerated electrons are driven to the solid/electrolyte interface and participate in 

Fe(III) reduction. Without AgP2, n
+p-Si/Al2O3 exhibits much less peak current and wider 

peak-to-peak splitting (590 mV), suggesting the important role of AgP2 in accelerating the 

interfacial reaction rate. Increasing the thickness of Al2O3 beyond the 2 nm optimal 

thickness results in a decrease in the reduction and oxidation peaks due to reduced 

tunneling through the passivation layer (Table S5.12, Appendix D).[28] The reduction peak 

disappears when Al2O3 thickness approaches to 5 nm, as the photogenerated electrons are 

completely impeded by the thick Al2O3 layer and severe electron-hole recombination 

occurs at the interface between n+p-Si and Al2O3. At the other extreme, for 0.5 and 1 nm 

thick Al2O3 layers there is a large reduction in peak current after 10 CV cycles due to 

incomplete protection of the n+p-Si (Figure S5.29, Appendix D). 



136 
 

 

 

 

 

In the semiconductor-metal hyrbid, the built-in photovoltage is determined by the barrier 

height of Schottky junction which has a positive correlation with the flat band potential 

(Efb).
[59] We further investigate the Mott-Schottky plots for n+p-Si, n+p-Si/Al2O3, and n+p-

Si/Al2O3/AgP2 with varied AgP2 thickness as determined by the number of spin cycles 

(Figure S5.30, Appendix D). All the n+p-Si/Al2O3/AgP2 samples show more positive Efb 

than the n+p-Si/Al2O3 (0.28 V vs. RHE) and n+p-Si (0.12 V vs. RHE), indicating the Al2O3 

passivation layer and AgP2 cocatalyst both contribute to enlarge band bending in the 

depletion region and therefore provide sufficient driving force for charge transport. With 

increasing spin cycles from 1 cycle to 5 cycles, Efb shows a continuous negative shift and 

then remains nearly the same to 10 cycles. The initial dependence of the barrier height on 

the cocatalyst thickness is consistent with that of previously reported n-

Si/SiOx/Co/COOH.[60]  

    In-situ transient absorption (TA) spectroscopy is a useful tool to understand interfacial 

charge carrier trapping, recombination, and transfer processes of PEC water oxidation and 

reduction.[61] However, there are very few TA studies of photocathodes for PEC CO2 

reduction due to the timescale mismatch between charge transfer and the surface catalysis 

process.[62] Figure 5.5b shows the ultrafast in-situ TA spectra of as-prepared photocathodes 

immersed in CO2-saturated 0.5 M KHCO3 solution at open-circuit potential. Most notable 

is the difference in timescales between the n+p-Si sample and the samples passivated with 

Al2O3. For bare n+p-Si, between 5 ps and 50 ps the photogenerated charge carriers are 

trapped by shallow states reducing the absorption signal. Simultaneously, the wide 

absorption peak at 580 nm blue-shifts to 550 nm and the peak becomes narrow, which is 
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ascribed to shallow trapped or conduction band electrons relaxing into deep lying localized 

states.[63] For the samples coated by ALD, only a slight change in O.D. is observed between 

5 ps to 50 ps and so slow TA spectra (Figure S5.31, Appendix D) were measured to provide 

insight into the dynamics of interfacial charge transfer. The normalized decay trace for bare 

n+p-Si yields a representative lifetime (t1/2) of 3.5 ps, which is over 5 orders of magnitude 

shorter than that of n+p-Si/Al2O3 (3.2 µs) and n+p-Si/Al2O3/AgP2 (6.3 µs). TA absorption 

spectra (at 1 ms) of n+p-Si and n+p-Si/Al2O3/AgP2 were further investigated at an applied 

potential of -0.2 V vs. RHE (Figure S5.32, Appendix D). Unmodified n+p-Si/Al2O3 exhibits 

a transient absorption spectrum peaking at 610 nm and decaying toward the near-IR. After 

AgP2 decoration, the amplitude at 610 nm is lost, and a new peak appears at 690 nm, which 

suggests efficient electron transfer from the n+p-Si/Al2O3 surface to AgP2.
[64] Transient 

photocurrent (TPC) measurements were carried out at 0 V vs. RHE for the n+p-

Si/Al2O3/AgP2 photocathode (Figure S5.33, Appendix D). Fast initial decay of the transient 

photocurrent occurs during the first 5 µs of the measurement. With the addition of AgP2 

cocatalyst, the lifetime of the decay (t1/2)  is greatly increased from 8.7 µs to 64.5 µs. This 

is attributed to a reduction in the interfacial carrier recombination rate due to quick capture 

of the electrons by AgP2 for the CO2 reduction reaction. 
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Figure 5.5 (a) Cyclic voltammogram of n+p-Si/2 nm Al2O3, n+p-Si/2 nm Al2O3/AgP2, and n+p-Si/5 

nm Al2O3/AgP2 in ferri/ferrocyanide redox solution. All measurements were conducted in the 

simulated light illumination except as marked. (b) In-situ transient absorption spectra of as-

prepared samples measured in CO2-saturated 0.5 M KHCO3 solution under open-circuit potential. 

The samples were excited by 450 nm laser with a power of 50 µW.  

5.4 Conclusion 

    Sub-4 nm colloidal silver diphosphide (AgP2) NCs with high monodispersity and 

crystallinity are synthesized through hot-injection with tris(trimethylsilyl)phosphine. 

These ultrasmall AgP2 NCs with abundant active sites show a remarkable 0.3 V decrease 

in overpotential for CO generation compared to the benchmark Ag catalyst. The AgP2 NCs 

achieve a maximum Faradaic efficiency of 82% for CO production and a wide CO:H2 ratio 

from 1:3 to 5:1 within an overpotential window of 500 mV. DFT calculations reveal that 

the high electron density delocalization in silver phosphide leads to 3-fold energy barrier 

decrease for the formate intermediate formation step, which is essential to achieve a high 
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CO:H2 ratio within a low overpotential window. A n+p-Si/Al2O3/AgP2 photocathode was 

fabricated using ALD to protect and passivate the Si layer, and exhibits an impressive onset 

potential of 0.2 V vs. RHE for PEC CO2-to-CO reduction. A maximum FECO of 67% is 

achieved at -0.2 V vs. RHE and the CO/H2 ratio in the syngas product can be tuned across 

a large range of 1:5 to 2:1. Notably, the impressive Eonset, CO (0.2 V vs. RHE) and j-0.11, CO 

(-3.2 mA cm-2) are the best values among all the reported photocathodes for CO2 reduction. 

With the addition of BMIM-BF4 ionic liquid to 0.5 M NaHCO3 electrolyte, the PEC FECO 

can be further increased to 89% at -0.2 V vs. RHE. This work provides a guidance for the 

design of not only of efficient and stable metal/non-metal alloyed CO2 reduction 

electrocatalysts, but also for the design of the design of hybrid photocathodes with 

optimized interfaces for efficient and stable solar-driven CO2 reduction. 
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6 Summary and Outlook 

In Chapter 2, highly monodisperse CoP and Co2P nanocrystals (NCs) with similar size 

and morphology were synthesized by colloidal heating-up method. The phosphorus atoms 

with high electronegativity are able to drag the valence electron density from the Co atoms, 

which facilitates  the desorption of OH* from cobalt sites and therefore lower the 

overpotential for four-electron ORR process. Simultaneously, high P content in cobalt 

phosphide can alleviate the strong H* adsorption on the Co active sites and achieve a 

balance of H* adsorption and dissociation for HER. The metal-rich Co2P NCs show higher 

OER performance owing to easier formation of plentiful Co2P@COOH heterojunctions 

when compared with the CoP NCs. This trifunctional electrocatalytic properties make us 

understand more about the surface active sites and role of phosphorus in cobalt phosphide 

electrocatalysts.     

      In Chapter 3, phosphorus-rich colloidal cobalt diphosphide nanocrystals (CoP2 NCs) 

are synthesized via hot injection. The high P content both physically separates Co atoms to 

prevent H from over binding to multiple Co atoms, while simultaneously stabilizing H 

adsorbed to single Co atoms, which renders the highest HER activity on CoP2 NCs. We 

found that both the ALD oxide layers and cocatalysts are critical to achieve low 

overpotential,  high photovoltage and saturated photocurrent, and superior stability for 

practical PEC fuel generations.  

      In Chapter 4, ultrasmall and monodisperse colloidal PtP2 NCs were controllably 

synthesized by a hot-injection method. Unlike the conventional four-electron ORR on Pt 
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NCs, two-electron ORR to generate H2O2 was mainly observed on the PtP2 NCs. The 

phosphorus is able to promote hydrogenation of OOH* to H2O2 in part by weakening the 

Pt-OOH* bond and suppressing the dissociative OOH* to O* pathway. ALD was used to 

stabilize the ultrasmall PtP2 NCs and maintain the superior O2-to-H2O2 selectivity in long-

term operation. Based on this work, we found  that phosphorus has synergistic electronic 

and geometric effects on surface platinum active sites and shifts the reaction pathway for 

oxygen reduction.    

      In Chapter 5, we report ultrasmall sub-4 nm AgP2 nanocrystals (NCs) with a greater 

than 3-fold reduction in overpotential for electrochemical CO2-to-CO reduction compared 

to Ag and greatly enhanced stability. The phosphorus alloying effect decreases the energy 

barrier of first CO2 hydrogenation rate-limiting step, as well as suppressing the competitive 

HER process, and therefore achieving an ultralow overpotential for selective CO2-to-CO 

conversion. Moreover, appropriate valence oxidation state of silver atoms in AgP2 during 

CRR is critical for optimizing the interaction between intermediate active centers. 

Achieving the time-scale balance between photo-induced charge transport and chemical 

reaction rate is a new strategy to improve  PEC CO2 conversion efficiency.   

    From my viewpoints, much more efforts should be made on surface and interface 

engineering of colloidal metal phosphide for electrocatalysis and photoelectrocatalysis. (1) 

Exploring more complex reactions to demonstrate the universal trend of metal phosphide 

over metal counterparts and reveal unique roles of phosphorus in regulating rate-limiting 

step of electrocatalysis. For example, colloidal hexagonal copper phosphide nanosheets 

(Cu3P NSs) were recently synthesized via a hot-injection method with CuCl and (SiMe3)3P 
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precursors. The Cu3P NSs  show a remarkable onset potential of -0.2 V vs. RHE and 

achieve a maximum Faradaic efficiency of 68.5% at -0.6 V vs. RHE for selective CO2-to-

C2H4 in an alkaline flow elctrolyzer. By contrast, Cu NSs and Cu nanoparticles (NPs) tend 

to selectively reduce CO2 to CH4 and CO. DFT calculation reveals that the delocalized P 

atoms enhance the stabilization of CO* intermediate and the stepped facets of (211) on 

nanosheet favor C-C coupling step rather than the low-index (100) facets on nanoparticle.  

(2) Developing more operando spectroscopies and microscopies to study the dynamic 

evolution of metal phosphide electrocatalysts under real reaction conditions. Beside the in-

situ X-ray absorption fine spectroscopy (XAFS) and ATR-FTIR, surface-/tip-enhanced 

Raman spectroscopy, ambient-pressure X-ray photoelectron spectroscopy, scanning probe 

microscopy (e.g. AFM, STM, and SECM), and online mass spectrometry are highly 

recommended to couple with the electrocatalytic cell to track the microscopic changes on 

electrocatalyst. (3) Designing more efficient electrode structures and electrochemical 

reactors to meet the demand of practical electrocatalytic application. For CO2 

electroreduction, there are more and more studies on alkaline flow electrolyzer with gas-

diffusion electrode (GDE), which effectively suppress the competitive HER and achieve 

super high current density and selectivity. How to regulate the behaviors of gases and ions 

at solid-gas-liquid triple phase of GDE is critical engineering task. (4) For photoelectrode 

systems, charge carrier transport at semiconductor/catalyst interface and chemical reaction 

rate at catalyst/electrolyte interface are two big challenges for achieving high efficiency of 

solar-to-chemical conversion. On one hand, developing advanced and controllable 

fabrication techniques (e.g. atomic layer deposition) to obtain high quality 
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semiconductor/catalyst interface with few defects. On the other hand, employing in-situ 

ultrafast spectroscopy (e.g. femtosecond transient absorption spectroscopy) to find the rate 

limiting step for charge transport/transfer and chemical reaction processes.       
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Appendix A: Supporting Information for Chapter 2 

Supplementary Figures 

 

 

 

Figure S2.1 Photograph of the Co2P NCs (left) and CoP NCs (right) dissolved in hexane. The 

higher phosphide content with narrower bandgap often possesses deeper color.   

 

Figure S2.2 (a) TEM and (b) HRTEM images of Co2P NCs. The inset in (b) is the corresponding 

fast-Fourier transform (FFT) image.  
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Figure S2.3 Schematic representation of the relative orientation of (1̅02), (01̅3), and (211) planes 

on orthorhombic CoP, as well as (1̅03), (11̅1), and (211) planes on orthorhombic Co2P.   

 
Figure S2.4 XPS spectra of (a) Co 2p and (b) P 2p core level of CoP NCs before and after HER at 

an overpotential of 100 mV for 6 h, respectively. 
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Figure S2.5 XPS spectra of Co 2p core level of Co2P NCs before and after OER at an overpotential 

of 300 mV for 6 h. 

 

Figure S2.6 Tafel plots obtained from the ORR polarization curves.  
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Figure S2.7 The Koutechy-Levich (K-L) plots of CoP NCs for ORR at different potentials. 

 

 

 
 

Figure S2.8 The percentage of hydrogen peroxide and electron transfer number of (a) CoP and (b) 

Co2P NCs within the scan range of 0.2-0.8 V vs. RHE.  
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Figure S2.9 Discharge curves of primary zinc-air button battery using CoP NCs as ORR catalysts. 

 

 
 

Figure S2.10 Tafel plots obtained from the HER polarization curves in 1 M KOH. 
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Figure S2.11 Tafel plots obtained from the OER polarization curves in 1 M KOH. 

 

 

 
 

 

Figure S2.12 Chronoamperometric curves of CoP for HER and Co2P for OER recorded at an 

overpotential of 100 and 300 mV, respectively. 
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Figure S2.13 TEM image of CoP NCs after HER at an overpotential of 100 mV for 6 h. The catalyst 

film was peeled off from the glass carbon and completely dissolved in hexane under 10 min 

ultrasonication. The clear solution was obtained after filtration and further diluted as ink for TEM 

characterization.  

Theoretical Calculations 

Computation details 

    First principles calculations were carried out using the Quantum Espresso (QE) 

package[1] with norm-conserving pseudopotentials and generalized gradient approximation 

(GGA) exchange-correlation functionals parameterized by Perdew-Burke-Enzerhof 

(PBE).[2] A self-consistency convergence criterion of 10-8 eV was used for all calculations. 

All the structures were fully relaxed until force components on atoms were less than 10-3 

eV/Å. The number of plane-waves was determined by a kinetic energy cutoff of 350 eV. 
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Monkhorst-Pack grids with a maximum separation of 0.04 Å-1 between k-points were used 

for sampling the Brillouin zone.[3] This sampling density was checked with respect to the 

convergence of the bulk CoP and Co2P total energies, corresponding to a 9 × 13 × 9 k-point 

grid for the reciprocal space of the 8-atom CoP primitive cell and the 12-atom Co2P 

primitive cell. We studied free energy and binding energy of reaction intermediates 

adsorbed on Co2P (211) and CoP (211) surfaces with supercells separated by vacuum of 

12 Å thickness. The slab thickness and the vacuum separation were chosen to converge the 

total energy of the systems into 10-3 eV.  

 

Computation of free-energy for the ORR 

The four electrons ORR reaction pathway on CoP and Co2P in alkaline solution was 

described as follows, 

                          * + O2 (g) + H2O (l) + e− → OOH* + OH−                                    (S2.1) 

                                         OOH*+ e− → O* + OH−                                                 (S2.2) 

                                   O* + H2O (l) + e− → OH* + OH−                                         (S2.3) 

                                               OH* + e− → OH− + *                                                (S2.4) 

where * and X* represent an adsorption site and an absorbed intermediate on the surface, 

respectively. Therefore, the corresponding reaction Gibbs free energy for these steps were 

expressed as: 

                                         ΔG1 = ΔGOOH* + 2ΔGw                                                 (S2.5) 

                                            ΔG2 = ΔGO* – ΔGOOH*                                                                       (S2.6) 

                                             ΔG3 = ΔGOH* – ΔGO*                                                                          (S2.7) 
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                                                 ΔG4 = –ΔGOH*                                                        (S2.8) 

where ΔGw = -2.46 eV (formation energy of water molecule). The free energy of the ORR 

is computed by the equation ΔG = ΔE + ΔZPE –TΔS. The value of the ΔE was obtained by 

the following equations:[4,5] 

                                          ΔEO* = EO* – E* – [E(H2O, l) – E(H2, g)]                                 (S2.9) 

                                     ΔEOH* = EOH* – E* – [E(H2O, l) –1/2E(H2, g)]                             (S2.10) 

                                    ΔEOOH* = EOOH* – E* – [E(H2O, l) –3/2E(H2, g)]                          (S2.11) 

where the E*, EO*, EOH*, and EOOH* denote the total energy of  pure surface and the adsorbed 

surface with O*, OH*, and OOH*. E(H2O, l) and E(H2, g) are the computed energies for H2O 

and H2 molecules, respectively. The entropy (ΔS) and zero-point energy corrections (ΔZPE) 

were determined by employing the computed vibrational frequencies and standard tables 

for the reactants and products in the gas phase. The temperature dependence of the enthalpy 

was neglected in the calculations. Meanwhile, a solvation energy (-0.22 eV) for correction 

is applied to ΔEOH* and ΔEOOH* since that the water molecule can solvate OH* and OOH* 

by hydrogen bonding. Moreover, an external bias U was imposed on each step by including 

a –eU term in the computation of reaction free energy. Consequently, the adsorption Gibbs 

free energy of the intermediates can be further expressed as: 

     ΔG1 = EOOH* – E* – [E(H2O, l) –3/2E(H2, g)] + (ΔZPE – TΔS)1 – 5.14 – eU            (S2.12) 

               ΔG2 = EO* – EOOH* – 1/2E(H2, g) + (ΔZPE – TΔS)2 + 0.22 – e                     (S2.13) 

            ΔG3 = EOH* – EO* – 1/2E(H2, g) + (ΔZPE – TΔS)3 – 0.22 – eU                        (S2.14) 

          ΔG4 = E* – EOH* – [E(H2O, l) –1/2E(H2, g)] + (ΔZPE – TΔS)4 + 0.22 – eU           (S2.15) 
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Based on these equations, the free energy of each steps at different applied bias in four-

electron ORR can be calculated. The reaction overpotential could be obtained by evaluating 

the difference between the reversible potential (1.23 V vs. RHE) and the corresponding 

voltage needed for changing all the free-energy steps into downhill. 

Computation of free-energy for the HER 

The adsorption Gibbs free energy ∆𝐺H∗ was calculated by  

                           ∆𝐺H∗ = ∆EH∗ + ∆𝐸ZPE − 𝑇∆𝑆H                                            (S2.16) 

where ∆𝐸ZPE and ∆𝑆H represent the differences in zero point energy and entropy between 

the H* adsorbed state and H2 in its gas phase respectively. The hydrogen binding energies 

∆𝐸H∗ were calculated by 

                            ∆𝐸H∗ = 𝐸ads − 𝐸surf −
1

2
𝐸(H2)                                           (S2.17) 

where 𝐸ads, 𝐸surf and 𝐸(H2) are the total energies of the surfaces with 1 hydrogen atom 

adsorbed, the pristine surfaces and the gas phase hydrogen molecule respectively.[4]  

    Since the (211) surfaces of both CoP and Co2P have relatively low symmetry, we 

randomly sampled the adsorbed H* at different locations on the surfaces and relax the 

whole structure to find all possible H* adsorption configurations. We identified 4 

configurations, each for the CoP/Co2P (211) surfaces, with the different adsorption 

energies and illustrated them in Figure S14 and Figure S15. The H* binding energies 

∆𝐸H∗and the Gibbs free energies ∆𝐺H∗ corresponding to these configurations are listed in 

Table S3.  
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Figure S2.14 The four possible adsorption sites of H* on the CoP (211) surface. The blue, green 

and red spheres represent the Co, P, and H atoms respectively. 

All the four possible H* adsorption configurations (denoted as a, b, c, d) on the CoP 

(211) surface form Co-H bonds, with lengths ranging from 1.69 Å to 1.72 Å. Due to the 

similarity of the adsorption mechanism, they take similar adsorption energies, within a 0.27 

eV window. Interestingly, 3 out of 4 adsorption sites have calculated absolute values of 

adsorption free energies fall inside a 0.1 eV window. Only the “d” site has a too weak Co-

H bonding for the HER. This result supports our experimental observation well.   
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Figure S2.15 The four possible adsorption sites of H* on the Co2P (211) surface. The blue, green 

and red spheres represent the Co, P, and H atoms respectively. 

 

Although there are four possible H* adsorption configurations (denoted as a, b, c, d) on the 

Co2P (211) surface that form Co-H bonds, their configurations are quite different. For the 

“a” and “b” sites, the H* form a tetrahedron with C3v symmetry. The “c” site takes a 

“bridge” style, and at the “d” site a single Co-H bond is formed. The calculated adsorption 

free energies listed in Table I show that the double- and triple- Co bonded H* adsorption 

is over-bonded for the efficient HER purpose. However, the “d” site is an efficient HER 

site. 
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Figure S2.16 (a) HRTEM image of a single Co2P NC after OER at an overpotential of 300 mV for 

6h. (b) Corresponding line-scan EDS analysis. 

 

Figure S2.17 Raman spectra for Co2P NCs before and after OER for 6h in 1 M KOH. 
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Figure S2.18 Nyquist plots of fresh and post-OER Co2P NCs. The measurement was conducted at 

1.6 V vs. RHE in 1 M KOH solution. 

 
 

Figure S2.19 Electrochemical capacitance measurements to determine the surface area of the 

obtained electrodes in 1 M KOH. The capacitive current density on a) Co2P NCs and b) CoP NCs 

from double layer charging can be measured from cyclic voltammograms in a potential range where 

no Faradic reaction occur. c) The measured capacitive current plotted as a function of scan rate. 
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Figure S2.20 Photograph of the pure nickel foam (left, gray), Co2P-NF (middle, dark green), and 

CoP-NF (right, black). 

 

 

Figure S2.21 Chronopotentiometric response of the CoP-NF||Co2P-NF under different current 

density.  
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Supplementary Tables (Appendix A) 

 

 

Table S2.1 Elemental composition of Co and P in as-synthesized CoP and Co2P. 

    Catalyst Weight% (ICP-MS) Atomic ratio (ICP-MS) 

   Co   P Co:P 

CoP (as synthesized)   65.1   34.3 1.02 

Co2P (as synthesized)   78.4   20.9 1.97 

 

 

Table S2.2 Calculated activation energy (Ea) for adsorbed O2 dissociation or hydrogenation step 

and binding energy (Eb) of adsorbed oxygen-containing intermediates. 

                                                                   

Reactions and adsorbed species 

CoP Co2P 

Ea (eV) Eb (eV) Ea (eV) Eb (eV) 

  O2*      →        2O* 0.42 ̶ 0.47 ̶ 

O2* + H2O + e−   →   OOH* + OH− 0.19 ̶ 0.25 ̶ 

OOH* ̶ -0.50 ̶ -0.86 

O* ̶ -0.31 ̶ -0.47 

OH* ̶ -0.27 ̶ -0.73 
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Table S2.3 The average Co-H bond length in Å, adsorption energy ΔEH* and Gibbs free energy 

ΔGH* in eV of the H* adsorbed at different sites (denoted as a, b, c, d) corresponding to Figure 

S2.11 and Figure S2.12 on the CoP (211) and Co2P (211) surfaces. 

Surfaces Adsorption site  Co-H bond (Å) ΔEH* (eV) ΔGH* (eV) 

 

CoP (211) 

 

a 1.693 -0.347 

 

-0.067 

 
b 1.707 -0.240 

 

0.041 

 
c 1.711 -0.185 0.095 

 
d 1.725 -0.095 

 

0.185 

 
 

Co2P (211) 

 

a 1.705 -0.840 

 
-0.600 

 
b 1.734 -0.799 -0.559 

c 1.650 -0.622 

 
-0.382 

 
 d 1.705 -0.152 

 
0.088 

 
 

Table S2.4 Comparison of ORR activity in alkaline electrolyte (0.1 M KOH) for CoP NCs with 

other recently reported phosphide-based electrocatalysts. 

        Catalysts Loading 

(mg/cm2) 

Eonset  

(V vs. RHE) 

E1/2  

(V vs. RHE) 

jlimited  

(mA/cm2) 

Ref. 

CoP NCs 0.20 0.92 0.858 4.64 This Work 

Urchin-like CoP 0.28 0.80 0.70 4.50 Nano. Lett. 2015, 15, 7616 

Co2P NRs ̶ ̶ 0.79 4.60 ACS Nano 2015, 9, 8108 

FeTMPPCl 0.60 0.936 0.845 5.80 Adv. Funct. Mater. 2017, 27, 1604356 

Co2P-CNTs ̶ 0.86 0.79 5.60 Chem. Commun. 2015, 51, 7891 

FeP@NPCs 0.20 0.91 0.82 5.85 J. Mater. Chem. A 2016, 4, 18723 

CoNP@NC/NG 1.00 0.90 0.83 4.55 J. Mater. Chem. A 2016, 4, 10575 
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Table S2.5 Comparison of HER activity in alkaline electrolyte (1 M KOH) for CoP NCs with other 

recently published highly active HER electrocatalysts 

Catalysts η10 (mV) η20 (mV) Tafel slope 

(mV/dec) 

Ref. 

CoP NCs 62.5 79.2 69.2 This Work 

Ni0.51Co0.49 P 82 ̶ ̶ Adv. Funct. Mater. 2016, 26, 7644. 

Ni2P 220 ̶ ̶ Energy Environ. Sci. 2015, 8, 2347. 

Ni5P4 150 ̶ 53 Angew.Chem. 2015, 127, 12538. 

Co-P film 94 115 42 Angew.Chem. 2015, 127, 6349. 

CP@Ni-P 117 150 85.4 Adv.Funct.Mater. 2016,26,4067 

Ni1-xCoxP 82 ̶ 43 Adv. Funct. Mater. 2016,26,7644. 

CoFePO 87.5 ̶ 38.1 ACS Nano 2016,10,8738. 

Co2B-500 328 ̶ 92.4 Adv. Energy Mater.2016,6,1502313. 

Ni3S2/NF 223 ̶ ̶ J. Am.Chem.Soc.2015, 137, 14023. 

MoS2/Ni3S2 110 ̶ 83 Angew.Chem. 2016,128, 6814. 

h-NiSx 60 89 99 Adv. Energy Mater.2016,6,1502333 

MoOx/Ni3S2/NF 106 ̶ 90 Adv. Funct. Mater.2016,26,4839. 

NiCo2S4 NWs/NF 210 ̶ 58.9 Adv.Funct.Mater.2016,26,4661. 

NiCo2O4 110 ̶ 49.7 Angew.Chem.Int.Ed. 2016,55,6290. 

NiCoFe LDHs 200 ̶ 70 ACS Energy Lett. 2016,1,445. 
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Table S2.6 Comparison of OER activity in alkaline electrolyte (1 M KOH) for Co2P NCs with 

other recently published highly active OER electrocatalysts 

Catalysts η10 (mV) η20 (mV) Tafel slope 

(mV/dec) 

Ref. 

Co2P NCs 280 320 60.4 This Work 

NiCoP 280 ̶ 85 Nano Lett. 2016, 16, 7718. 

Co-P film 345 ̶ 47 Angew.Chem. 2015, 127, 6349 

Ni2P 290 ̶ 59 Energy Environ. Sci. 2015, 8, 2347. 

CoP@RGO 280 ̶ 75 J. Am. Chem. Soc. 2016,138,14686. 

Co/CoP 340 ̶ 79.5 Adv. Energy Mater.2017,7,1602355. 

CoP-MNA 290 ̶ 65 Adv. Funct. Mater. 2015, 25, 7337. 

CoFePO 274.5 ̶ 51.7 ACS Nano 2016, 10, 8738. 

Ni12P5 295 ̶ 106 ACS Catal. 2017, 7, 103. 

Co2B-500 380 ̶ 45 Adv. Energy Mater. 2016,6,1502313 

CP/CTs/Co-S 306 ̶ 72 ACS Nano 2016,10,2342 

Ni3Se2-GC 310 ̶ 79.5 Energy Environ. Sci. 2016, 9, 1771 

NiD-PCC 360 ̶ 98 Energy Environ. Sci. 2016, 9, 3411 

ONPPG/OCC 410 ̶ 83 Energy Environ. Sci. 2016, 9, 1210 

NG-CoO 340 ̶ 65 Energy Environ. Sci. 2014, 7, 609 

CoCo LDH 380 ̶ 59 Nat.Commun.2014,5,4477 

CoMn LDH 320 ̶ 43 J.Am.Chem.Soc.2014,136,16481 
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Table S2.7 Summary of overall alkaline water splitting performance of recently reported highly 

efficient bifunctional non-noble electrocatalysts. 

Catalyst Ej=10 (mV) Ej=20 (mV) Ref. 

CoP-NF||Co2P-NF 1.56 1.61 This Work 

Co2B-500-NG/ Co2B-500-NG 1.81 ̶ Adv. Energy Mater.2016,6,1502313. 

FeCoNi-CC/FeCoNi-CC 1.66 ̶ ACS Catal.2017,7,469. 

VOOH/VOOH 1.62 ̶ Angew.Chem.2017,129,588. 

Co3O4-MTA/Co3O4-MTA 1.63 ̶ Angew.Chem.Int. Ed. 2017,56,1324. 

NiCo2O4/NiCo2O4 1.65 1.74 Angew.Chem.Int.Ed. 2016,55,6290. 

NiCoP-NF/NiCoP-NF 1.58 ̶ Nano Lett. 2016,16,7718. 

Ni0.51Co0.49P/ Ni0.51Co0.49P 1.57 ̶ Adv. Funct. Mater. 2016,26,7644. 

Ni5P4/ Ni5P4 1.7 ̶ Angew.Chem.Int.Ed.2015,54,12361. 

CP@Ni-P/CP@Ni-P 1.63 1.73 Adv.Funct.Mater. 2016,26,4067. 

CoP-MNA/CoP-MNA 1.62 ̶ Adv.Funct.Mater.2015,25,7337. 

Ni12P5-NF/ Ni12P5-NF 1.64 ̶ ACS Catal.2015,7.103. 

NiCo2S4-NF/ NiCo2S4-NF 1.63 ̶ Adv.Funct.Mater.2016,26,4661. 

CP-CTs-Co-S/ CP-CTs-Co-S 1.74 ̶ ACS. Nano 2016, 10, 2342. 

NiFe LDH-NF/ NiFe LDH-NF 1.70 ̶ Science 2014, 345,1593. 

CoSe2-CC/CoSe2-CC 1.63 ̶ Adv. Mater.2016,28,7527. 

NiSe-NF/NiSe-NF 1.63 ̶ Angew.Chem. 2015,127,9483. 

CoP-Cu/CoP-Cu 1.645 ̶ Angew.Chem. 2015,127,6349. 

Ni2P-NF/Ni2P-NF 1.63 ̶ Energy Environ. Sci. 2015,8,1027. 
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Appendix B: Supporting Information for Chapter 3 

Supplementary Figures 

 
Figure S3.1 Schematic diagram of colloidal cobalt phosphide NCs synthesized by co-heating and 

hot injection methods.  

 
 

Figure S3.2 Photographic images of a home-made PEC cell with well-separated dual-chambers 

under measurement.  
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Theoretical Calculations 

    Computation method. Periodic, self-consistent density functional theory calculations 

(DFT) were performed with the Perdew, Burke and Ernzerhof (PBE) implementation of 

the generalized gradient approximation (GGA),1 using the Quantum Espresso package.2 

The ion-electron interaction was described with the projector augmented wave (PAW) 

method.3 A cutoff energy of 64 Ryd was used for the plane-wave basis set. The catalyst 

was modeled with the highly exposed (211) facet of monoclinic CoP2. A (1 × 1) surface 

unit cell, with four layer thick slabs separated by 12 Å of vacuum along the z-direction 

were used to model the adsorbate-surface systems; Two bottom layers were fixed and two 

top layers were relaxed. The Brillouin zone was sampled by (8 × 8 × 1) Monkhorst-pack 

k-point mesh. All calculation parameters have been verified to ensure a convergence of 

hydrogen adsorption energy within 1.0e-6 Ryd, with a force convergence threshold of 1.0e-

5 Ryd/Bohr.  Figure S3.3a shows the total charge distribution map in the (011) plane of 

bulk CoP2 which shows the expected accumulation of positive charge on the Co atoms.  

The density of states (DOS) of bulk CoP2 exhibits a small band gap of approximately 0.24 

eV at the Fermi-level point in the calculated total density of states (TDOS) (Figure S3.3b).  

However, the experimental results showed a low resistance, and so the surface density of 

states was also investigated (Figure S3.3c).  Both surfaces are metallic as they have a non-

zero DOS at the Fermi-level, and the low index (001) has a lower DOS than the high index 

(211) at Fermi-level. This suggests that the high surface area may lead to a metallic nature 

for CoP2 NCs, consistent with the temperature-dependent electrical resistance curve, where 

electrical resistance increased approximately linearly with elevating temperature (Figure 
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S3.3d). The high conductivity could also be described by a high effective doping due to 

existing defects, such as dangling bonds and atom vacancies on the surface of the 

nanostructured CoP2 NCs. 

 
Figure S3.3 (a) Total charge distribution map in the (011) plane of bulk CoP2. (b) Total DOS of 

bulk CoP2. (c) Density of state (DOS) on CoP2 (001) and (211) planes.  (d)Temperature-dependent 

electrical resistance of CoP2 nanocrystal film. 

 

    Free-energy Calculations. The hydrogen adsorption energy ΔGH* was calculated by the 

formula: 

                              ∆𝐺H∗ = ∆EH∗ + ∆𝐸ZPE − 𝑇∆𝑆H                                          (S3.1) 

where ∆𝐸ZPE and ∆𝑆H represent the differences in zero-point energy and entropy between 

the H* adsorbed state and H2 in its gas phase respectively. The fact that the vibrational 
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entropy of the adsorbed state is small means that the difference in entropy, ∆𝑆H , is 

approximately: ∆𝑆H ≈−
1

2
𝑆𝐻2

0 , where 𝑆𝐻2

0  is the entropy of H2 in the gas phase at standard 

conditions.[3] A value of ∆𝐸ZPE of 0.04 eV was used for all cobalt adsorption sites, and 

0.073 eV for all phosphide adsorption sites.[4] The hydrogen binding energies ∆𝐸H∗ were 

calculated by 

                                    ∆𝐸H∗ = 𝐸ads − 𝐸surf −
1

2
𝐸(H2)                                      (S3.2) 

where 𝐸ads, 𝐸surf and 𝐸(H2) are the total energies of the surfaces with a hydrogen atom 

adsorbed, the pristine surfaces and the gas phase hydrogen molecule respectively. 

 

 

 
 

 

Figure S3.4 The three possible H* adsorption sites on the low-index CoP2 (001) surface. 
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Figure S3.5 The six possible H* adsorption sites on the high-index CoP2 (211) surface. 

 

 
Figure S3.6 Comparison of the minimum |ΔGH*| found by DFT for the different stoichiometric 

compositions on CoP2, CoP, and Co2P NCs. 
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Figure S3.7 Energy-dispersive X-ray spectroscopy (EDS) of CoP2 NCs.  

 

 
 

Figure S3.8 TEM images of (a) CoP NCs and (b) Co2P NCs.[5]   

Determination of the exposed crystal facet is challenging for the NC system. One method 

that can help to provide insight is depicted in Figure S3.9, in which two crystal planes are 

found by HR-TEM and the angle between them used to identify a third plane that is 

potentially exposed.  The angle between planes in the monoclinic structure is given by the 

following formula. 
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          cos 𝜃 =  
𝑑1𝑑2

(sin 𝛽)2
[

ℎ1ℎ2

𝑎2
+  

𝑘1𝑘2(sin 𝛽)2

𝑏2
+ 

𝑙1𝑙2

𝑐2
− 

(𝑙1ℎ2+ 𝑙2ℎ1) cos 𝛽

𝑎𝑐
]         (S3.3) 

For CoP2, the lattice constants are: a = 5.61 Å, b = 5.59 Å, c = 5.64 Å, β = 116.8°.  To identify 

what facet {hkl} is perpendicular to both (1̅11) and (2̅12) planes, the equation above is 

solved to find a plane that has an angle of 90 degrees to both the (1̅11) and (2̅12) planes.  

We obtain two equations,    

                                                      -3.5 h + 3 k + 4 l = 0                                             (S3.4) 

                                                                -h + k + l = 0                                                        (S3.5) 

and from these find h= 2k, k = l to confirm the existence of {211} facet in the CoP2 

nanocrystal. We emphasize this is different than the result obtained for the cubic structure, 

and so the monoclinic formula must be used. Although it is not possible to conclude 

definitively which facet is exclusively exposed or highly exposed on spherical nanocrystal, 

we can at least confirm that {211} facet is a likely exposed surface, and from our theoretical 

calculations this surface is of interest as it contains abundant sites for HER.     

 

Figure S3.9 Schematic representation of the relative orientation of (1̅11) and (2̅12), and (211) 

planes on monoclinic CoP2. 
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Figure S3.10 (a) Co 2p, (b) P 2p core level XPS spectra of CoP2 NCs. 

 

X-ray photoelectron spectroscopy (XPS) measurements were carried out to probe the 

surface composition and oxidation states of the CoP2 NCs. Figure S3.10a shows the Co 

2p1/2 and Co 2p3/2 features. Two main peaks are at binding energies of 781.9 and 783.5 eV 

in the Co 2p3/2 region, which correspond to the Coδ+-Pδ- covalent bond and the oxidized 

cobalt state (Co2+ or Co3+), respectively.  The Co 2p3/2 binding energy (781.9 eV) of CoP2 

is larger than that of CoP (781.1 eV), Co2P (778.7 eV), and Co metal (778.2 eV),[X] 

indicating that higher phosphorus content causes an electron density shift from Co to P due 

to the high electronegativity of phosphorus. As shown in Figure S10b, the high-resolution 

P 2p region has two peaks at 130.6 and 129.3 eV reflecting the binding energy of P 2p1/2 

and P 2p3/2, respectively, which can be assigned to the covalent metal-phosphide bonds. 

The broad peak located at 133.2 eV is ascribed to the oxidized phosphorus species (eg. 

phosphate) arising from surface oxidation of CoP2 NCs exposed to air. There is a negative 

shift for the P 2p3/2 binding energy (129.3 eV) of CoP2 NCs when compared to that of CoP 
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(129.6 eV) and elemental P (130.0 eV), which further confirms the role of increased 

phosphide content in altering the electron density distribution. 

 

 
 

 

Figure S3.11 R space and inverse FT-EXAFS fitting results of Co K-edge. (a) and (b) CoP2 NCs, 

(c) and (d) CoP NCs, and (e) and (f) Co2P NCs. The FT range: 2.5-12.5Å-1; fitting range: 0.6-3.0 

Å. 
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Figure S3.12 Tafel plots obtained from the HER polarization curves. 

 

The Nyquist plots from electrochemical impedance spectroscopy (EIS) reveals that all 

stoichiometries of cobalt phosphide NCs have similar conductivity, while CoP2 NCs show 

the lowest resistance for charge transfer at the solid-liquid interface (Figure S3.13), which 

is consistent with the Tafel analysis results. 

 

 
 

 

Figure S3.13 Nyquist plots of Co2P, CoP, and CoP2 NCs obtained at -0.1 V vs. RHE. 
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Electrochemical active surface area (ECSA) and turn-over frequency (TOF)  

Electrochemical capacitance measurements were used to determine the active surface area 

of the obtained catalysts, which is similar to the previous report.[6] The applied potential 

was kept between 0.1 to 0.3 V vs. RHE at different scan rates (20, 40, 80, and 120 mV/s) 

(Figure S3.19a-c). Figure S3.19d shows the measured capacitive currents were plotted as 

a function of scan rate, and the specific capacitance are determined to be about 24.62, 18.44, 

and 14.07 μF/cm2 for CoP2 NCs, CoP NCs, and Co2P NCs, respectively. The Cdl of CoP2 

NCs (24.62 mF cm-2) is higher than that of CoP NCs (18.44 mF cm-2) and Co2P NCs (14.07 

mF cm-2), suggesting phosphorus-rich CoP2 NCs have more accessible active sites in acidic 

solution. 

 
 

Figure S3.14 Electrochemical capacitance measurements to determine the surface area of the 

obtained electrodes in 0.5 M H2SO4. The capacitive current density on (a) Co2P NCs, (b) CoP NCs, 

and (c) CoP2 NCs. (d) Capacitive current as a functional of scan rate.  
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    In general, the specific capacitance for a flat surface is found to be in the range of 20-60 

μF/cm2. We adopt the maximum value of 60 μF/cm2 to calculate the turnover frequency 

(TOF) of nanostructured cobalt phosphide electrocatalysts. 

AEASA (CoP2)=
Total specific capacitance of CoP2

specific capacitance of per real surface area
=

24.62 mF/cm2

60 μF/cm2 per EASA cm2

= 410.3 cmEASA
2  

AEASA (CoP)=
Total specific capacitance of CoP

specific capacitance of per real surface area
=

18.44 mF/cm2

60 μF/cm2 per EASA cm2

= 307.3 cmEASA
2  

AEASA (Co2P)=
Total specific capacitance of Co2P

specific capacitance of per real surface area
=

14.07 mF/cm2

60 μF/cm2 per EASA cm2

= 234.5 cmEASA
2  

As comparison, the EASA of commercial Pt/C (20 wt%, Sigma, loading amount: 1.0 

mg/cm2), calculated from the integrated hydrogen adsorption/desorption area of 

conventional CV, was identified as 196 cm2
EASA. 

𝑛H2
= (𝑗

mA

cm2
) (

1C ∙ S−1

1000 mA
) (

1 mol e−

96485.3 C
) (

1 mol H2

2 mol e−
) (

6.022 × 1023H2 molecules

1 mol H2
)

= 3.12 × 1015
H2/s

cm2
per 

mA

cm2
 

Condition 1: If we assume the number of active sites as the total number of surface sites 

(including both the cobalt and phosphorus atoms). The volume of each cell for CoP2 (four 

cobalt and eight phosphorus atoms), CoP (four cobalt and four phosphorus atoms), and 

Co2P (eight cobalt and four phosphorus atoms) is 158, 93, and 136 Å3, respectively, thus   
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nCoP2

surface sites (total)
= (

12 atoms per unit cell

158 Å3 per unit cell
)

2
3 = 1.793 × 1015atoms per real cm2 

nCoP
surface sites (total)

= (
8 atoms per unit cell

93 Å3 per unit cell
)

2
3 = 1.949 × 1015atoms per real cm2 

nCo2P
surface sites (total)

= (
12 atoms per unit cell

136 Å3 per unit cell
)

2
3 = 1.981 × 1015atoms per real cm2 

nPt/C
surface sites = (

4 atoms per unit cell

60 Å3 per unit cell
)

2
3 = 1.644 × 1015atoms per real cm2 

 

Figure S3.15 (a) CoP2, (b) CoP, and (c) Co2P unit cells. 

The plot of current density can be converted into a TOF plot according to:  

TOFCoP2 (total) =
(3.12 × 1015 H2/s

cm2 per
mA
cm2) × |𝑗CoP2

|

𝑛CoP2

surface sites (total)
× 𝐴EASA (CoP2)

= 0.00425 × |𝑗CoP2
| 

TOFCoP (total) =
(3.12 × 1015 H2/s

cm2 per
mA
cm2) × |𝑗CoP|

𝑛CoP
surface sites (total)

× 𝐴EASA (CoP)

= 0.00520 × |𝑗CoP| 
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TOFCo2P (total) =
(3.12 × 1015 H2/s

cm2 per
mA
cm2) × |𝑗Co2P|

𝑛Co2P
surface sites (total)

× 𝐴EASA (Co2P)

= 0.00672 × |𝑗Co2P| 

TOFPt/C =
(3.12 × 1015 H2/s

cm2 per
mA
cm2) × |𝑗Pt/C|

𝑛Pt/C
surface sites × 𝐴EASA (Pt/C)

= 0.00968 × |𝑗Pt/C| 

Condition 2: If we only count the surface cobalt atoms as active surface sites, thus   

nCoP2

surface sites (Co)
= (

4 atoms per unit cell

158 Å3 per unit cell
)

2
3 = 0.862 × 1015atoms per real cm2 

nCoP
surface sites (Co)

= (
4 atoms per unit cell

93 Å3 per unit cell
)

2
3 = 1.228 × 1015atoms per real cm2 

nCo2P
surface sites (Co)

= (
8 atoms per unit cell

136 Å3 per unit cell
)

2
3 = 1.533 × 1015atoms per real cm2 

Therefore, plot of current density can be converted into a TOF plot according to:  

TOFCoP2 (Co) =
(3.12 × 1015 H2/s

cm2 per
mA
cm2) × |𝑗CoP2

|

𝑛CoP2

surface sites (Co)
× 𝐴EASA (CoP2)

= 0.00882 × |𝑗CoP2
| 

TOFCoP (Co) =
(3.12 × 1015 H2/s

cm2 per
mA
cm2) × |𝑗CoP|

𝑛CoP
surface sites (Co)

× 𝐴EASA (CoP)

= 0.00827 × |𝑗CoP| 

TOFCo2P (Co) =
(3.12 × 1015 H2/s

cm2 per
mA
cm2) × |𝑗Co2P|

𝑛Co2P
surface sites (Co)

× 𝐴EASA (Co2P)

= 0.00867 × |𝑗Co2P| 
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Figure S3.16 Calculated TOF for as-prepared cobalt phosphide and commercial Pt/C catalysts 

when only surface cobalt atoms are considered as active sites.  

 

 
 

Figure S3.17 Top-view SEM images of p-Si/AZO/TiO2/CoP2 photocathode (a) without and (b) 

with intermittent mild heating during layer-by-layer CoP2 spin coating. 
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Mild heat treatment plays a key role in interfacial charge transfer and surface properties 

of  hybrid photocathode. Electrochemical impedance spectroscopy (EIS) shows that 

annealing lowers the charge transfer resistance of p-Si/AZO/TiO2/CoP2 under dark 

condition (Figure S3.18) due to improved interfacial contact. This is supported by the 

reduction in the contact angle from 114° to 68° after annealing (Figure S3.19), and the 

enhanced surface hydrophilicity is beneficial to the interfacial compatibility between solid 

photocathode and aqueous solution. 

 

Figure S3.18 Nyquist plots of p-Si/AZO/TiO2/CoP2 with and without mild heating of CoP2 spin 

coating layer. Under dark condition, the photocathode was measured at 0 V vs. RHE in acidic 

solution. 
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Figure S3.19 As prepared and post-annealing p-Si/AZO/TiO2/CoP2 photocathode/aqueous 

electrolyte wettability contact angle measurement.  

 

 
Figure S3.20 The thickness of ALD films determined by using the X-ray reflectivity compared to 

ALD cycles. 
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    For the planar p-Si, only 44-62% of incident light is absorbed in this wavelength range 

of 400-900 nm, and the rest of the light is reflected, which is consistent with previous 

investigations that planar silicon has limited light absorption ability and relevant light 

regulation strategies are required to enhance photon capture. Both the AZO and TiO2 

surface coating layers have as expected for the ultrathin ALD oxide layers. Comparing to 

the p-Si/AZO/TiO2, the p-Si/AZO/TiO2/CoP2 shows a minor decrease absorption in the 

range of 400–450 nm, which may be caused by additional reflection from the CoP2 layer. 

 
Figure S3.21 Optical absorption, reflection, and transmission of the p-Si, p-Si/AZO/TiO2, p-

Si/AZO/TiO2/CoP2, and p-Si/AZO/TiO2/Pt photocathodes. 
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Optimization of Al-doped ZnO Layer 

    A lower j0 was observed when using a pure ZnO protected p-Si photocathode compared 

with p-Si/AZO, which is ascribed to the increased conductivity in AZO due to doping. 

When the as-deposited AZO layer was subjected to a mild heat treatment at 250 C for 30 

min in air, the j0 decreased to -5.17 mA cm-2 whereas its stability was enhanced. The 

observed decrease in j0 and increased stability can be explained by the increased resistivity 

for air-annealed AZO compared with the as-deposited one and denser interface junction 

after mild annealing, respectively, which is consistent with conclusion of previous work.[7] 

 
 

Figure S3.22 Photocurrent density at 0 V vs. RHE (j0) and open-circuit photovoltage of p-Si/AZO 

as a function of controllable AZO thickness in acidic solution (0.5 M H2SO4). 
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Figure S3.23 Proposal model for band bending in (a) p-Si and (b) p-Si/AZO photocathodes in 

contact with the H+/H2 redox couple before and after light illumination. Evb, Ecb, and Ef are the 

valence band edge, conduction band edge, and the Fermi level, respectively. Ef,n and Ef,p are the 

electron and hole quasi-Fermi level, respectively, under light irradiation. The loading of AZO on 

p-Si may act to increase band bending at the p-n interface relative to the p-Si/aqueous solution 

interface, resulting in improved PEC performance.  

 

Optimization of TiO2 Layer 

    Post-deposition annealing was conducted to investigate the influence of the ultrathin 

TiO2 film property on the PEC activity and stability of the protected photocathodes. When 

the as-deposited p-Si/AZO/TiO2 was annealed at 450 C for 30 min in air, an improved j0 

(-6.25 mA cm-2) was observed but this was linked with decreased stability compared with 

the un-treated sample. Upon heating at 450 C for 30 min in N2 with 5% H2, both the j0 and 
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stability decreased. Amorphous TiO2 has better anti-corrosion properties in acidic solution 

than does crystalline TiO2, which explains the loss in stability under both atmospheres.[8] 

Further, it is well-recognized that Ti3+ trap states generally exist in the as-deposited 

amorphous TiO2 film by ALD,[9] which is able to accumulate the photogenerated electrons 

from AZO and hinder transport, Evidence of Ti3+ trap states existence in the ALD TiO2 

protective film before- and post-treatment is given in the EPR spectra in Figure S3.25.[10] 

Air-annealing results in fewer Ti3+ trap states leading to the increase in current, while 

annealing in H2 atmosphere results in partial reduction of the TiO2 film and more Ti3+ trap 

states leading to lower current. Due to the loss in stability associated with annealing, all 

further devices were made using the as-deposited TiO2 layer. 

 

 
Figure S3.24 Photocurrent density at 0 V vs. RHE (j0) and its retention of p-Si/AZO/TiO2 as a 

function of ALD TiO2 thickness in acidic solution (0.5 M H2SO4). 
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Figure S3.25 Low-temperature EPR spectra of the as-deposited p-Si/AZO/TiO2 before and after 

post-treatments.  

 
 

Figure S3.26 (a) Photographic image showing the hydrogen bubbles generation on as-prepared p-

Si/20 nm AZO/10 nm TiO2/CoP2 photocathode under PEC measurements. (b) The amount of 

hydrogen gas calculated from the current and the experimental hydrogen gas amount generated by 

p-Si/20 nm AZO/10 nm TiO2/CoP2 at 0 V vs. RHE in 0.5 M H2SO4 for the Faradaic efficiency 

determination. 
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The definition of HC-STH conversion efficiency is shown in the following equation:[11]  

                                       HC-STH = 
|𝑗ph| ×[𝐸𝑎𝑝𝑝− 𝐸𝐻+/𝐻2] × 𝜂F

𝑃𝑡𝑜𝑡𝑎𝑙
 × 100%                                

(S.3.6) 

where jph (mA cm-2)is the photocurrent density obtained under an applied bias of Eapp, 

EH+/H2 is the equilibrium redox potential of hydrogen (0 V vs. RHE). ηF is Faradic efficiency 

for PEC hydrogen evolution. Ptotal is the power density of the incident solar energy (AM 

1.5G, 100 mW cm−2). 

 

Figure S3.27 (a) HC-STH efficiency of p-Si/AZO/TiO2/CoP2, p-Si/AZO/TiO2/Pt, and p-

Si/AZO/TiO2 photocathodes in 0.5 M H2SO4. (b) Incident photon-to-current conversion efficiency 

(IPCE) and absorbed photon-to-current conversion efficiency (APCE) measurements of p-

Si/AZO/TiO2/CoP2 in the wavelength range of 400-900 nm. Low absorption in the photoactive Si 

likely limits the IPCE and the saturation photocurrent density shown in Figure 3.4g. 
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Figure S3.28 (a) Simplified circuit model for Nyquist plots fitting, (b) corresponding parameters 

of resistance and capacitance of p-Si, p-Si/AZO, p-Si/AZO/TiO2, and p-Si/AZO/TiO2/CoP2 

photocathodes measured under AM-1.5G irradiation and at 0 V vs. RHE in acidic solution. 
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    The Mott-Schottky plots of p-Si/AZO/TiO2/CoP2, p-Si/AZO/TiO2, and p-Si 

photocathodes are used to elucidate the flat band potential and built-in photovoltage 

(Figure S3.29). The flat band potential for p-Si/AZO/TiO2/CoP2, p-Si/AZO/TiO2, and p-Si 

is 0.41, 0.25, and -0.01 V vs. RHE, respectively. This trend is consistent with that of open 

circuit potential shown in Figure 3.4g, which further confirms that both the ALD protective 

oxides and CoP2 cocatalyst improve the built-in potential of hybrid photocathode and cause 

a positive shift of open circuit potential during PEC measurement. 

 

 
 

Figure S3.29 Mott-Schottky plots for p-Si, p-Si/AZO/TiO2, and p-Si/AZO/TiO2/CoP2 

photocathodes.  
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Figure S3.30 shows time-resolved photoluminescence spectra of the p-Si, p-Si/AZO, 

and p-Si/AZO/TiO2/CoP2. The results are fit with a bi-exponential decay model and the 

average of the two lifetimes (τaverage) for p-Si, p-Si/AZO, and p-Si/AZO/TiO2/CoP2 are 12.0, 

7.6, and 3.7 ns, respectively (Table S3.9). After depositing the AZO layer, the lifetime of 

p-Si/AZO becomes shorter than that of the p-Si due to the faster charge separation and 

transfer caused by the formed p-n junction. With addition of the TiO2 protective layer and 

CoP2 cocatalyst, the lifetime is further decreased due to the favorable energy level 

alignment for efficient electron transfer from AZO to TiO2, and final capture by the CoP2. 

 

 
 

Figure S3.30 Time-resolved photoluminescence decay curves fit with a bi-exponential decay 

model (excitation: 800 nm, pulse length: 100 ps). 
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Supplementary Tables (Appendix B) 

 

Table S3.1 The adsorption energy ΔEH* and Gibbs free energy ΔGH* in eV of the H* adsorbed at 

selected active sites on both (001) and (211) surfaces of CoP2.  

Surfaces Adsorption site  ΔEH* (eV) ΔGH* (eV) 

 

CoP2 (001) 

CoL1 0.121 0.386 

CoL2 0.312 0.547 

PL4 -0.028 0.215 

 

 

CoP2 (211) 

 

Co1 -0.317 -0.072 

Co1,2SB -0.317 -0.072 

Co3 -0.226 0.019 

Co4 -0.160 0.085 

P6 -0.467 -0.189 

P7 -0.339 -0.061 

 

 

Table S3.2 Partial atomic charges from Bader analysis.  Bold - notable variations discussed in text. 

Surface Slab Bader(|e|) H-Co1 Bader(|e|) H-Co1,2SB Bader(|e|) 

 

(211)  

Co1: 0.180 

Co2: 0.083 

P1: -0.0961 

P2: -0.0891 

P3: -0.0586 

P4: -0.0758 

P5: -0.1175 

Co1: 0.182 

Co2: 0.100 

P1: -0.1564 

P2: -0.0054 

P3: -0.0240 

P4: -0.0690 

P5: -0.1032 

Co1: 0.268 

Co2: 0.194 

P1: -0.0420 

P2: -0.0519 

P3: -0.0931 

P4: -0.0894 

P5: -0.0233 

 Slab Bader(|e|) H-CoL1 Bader(|e|) H-CoL2 Bader(|e|) 

 

(001)  

CoL1: 0.237 

CoL2: 0.158 

PL1: -0.1303 

PL2: -0.0919 

PL3: -0.1589 

PL4: -0.2570 

CoL1: 0.280 

CoL2: 0.227 

PL1: -0.1462 

PL2: -0.1020 

PL3: -0.1301 

PL4: -0.2229 

CoL1: 0.274 

CoL2: 0.236 

PL1: -0.1483 

PL2: -0.1101 

PL3: -0.1403 

PL4: -0.2178 
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Table S3.3 Elemental composition of Co and P in the colloidal cobalt phosphide NCs before and 

after HER in acidic solution. 

 

Samples 

Weight% (ICP-MS) Atomic ratio (ICP-MS) 

   Co   P Co:P 

CoP2 (as synthesized) 

 

48.2 50.1 0.51 

CoP2 (after HER) 46.7 49.2 0.50 

CoP (as synthesized)[5] 65.1 34.3 1.02 

CoP (after HER) 60.8 33.5 0.96 

Co2P (as synthesized)[5] 78.4 20.9 1.97 

Co2P (after HER) 65.3 18.7 1.83 
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Table S3.4 Fitting results of Co-K edge EXAFS data. The coordination number (CN) and bond 

length obtained from the EXAFS spectra of the CoP2, CoP, and Co2P NCs. 

    Sample Shell           CN R (Å) σ2 (10-3 Å2) R factor 

 

 CoP2 NCs 

Co-Co 4.4 ± 0.2   2.59 ± 0.03       7.8 ± 1.1  

      0.0039 

     Co-P 6.7 ± 0.6   2.01 ± 0.02   5.7 ± 0.9  

  

CoP NCs 

 Co-Co 

 

Co-P 

5.2 ± 0.5 

 

4.9 ± 0.4 

  2.41 ± 0.02 

 

  1.95 ± 0.01 

  6.5 ± 0.8 

 

  6.4 ± 1.0 

 

0.0046 

  

 

Co2P NCs 

 

Co-Co 

 

     Co-P 

 

6.1 ± 0.7 

 

4.8 ± 0.2 

 

2.28 ± 0.02 

 

1.86 +0.01 

 

  5.1 ± 0.7 

 

6.8 ± 1.1 

 

 

0.0065 

      

     

 Co3O4 

 Co-Co 

 

Co-O 

4.6 ± 0.2 

 

5.3 ± 0.2 

2.89 ± 0.01 

 

1.96 ± 0.01 

7.6 ± 0.8 

 

7.3 ± 1.3 

 

      0.0052 

    

 Co foil 

 

Co-Co 

 

12.0 

   

2.52 

 

5.4                              

  

0.0032 

CN is the coordination number; R is interatomic distance (the bond length between Co 

central atoms and surrounding coordination atoms); σ2 is Debye-Waller factor (a measure 

of thermal and static disorder in absorber-scatter distances); R factor is used to value the 

goodness of the fitting. 
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Table S3.5 Comparison of HER activity in acidic electrolyte (0.5 M H2SO4) for CoP2 NCs with 

other acid-stable transition-metal phosphide electrocatalysts. 

Catalysts Mass 

Loading 

(mg/cm2) 

η10,geo 

(mV) 

Tafel slope 

(mV/dec) 

TOFη=100 mV 

 (s-1)* 

Ref. 

CoP2 NCs 1.0 39 32 0.561 This Work 

CoP NCs 1.0 52 41 0.395 This Work 

Co2P NCs 1.0 65 58 0.272 This Work 

Ni2P NCs 1.0 130 (η20) 46 0.015 J. Am. Chem. Soc. 2013, 135, 9267. 

CoP NCs 2.0 85 (η20) 50       0.046 Angew. Chem. Int. Ed.2014, 53, 5427. 

FeP NCs 1.0 50 37 0.277 ACS Nano 2014, 8, 11101. 

MoP NCs 1.0 90 45 ̶ Chem. Mater. 2014, 26, 4826. 

Co2P NCs 1.0 95 45 ̶ Chem. Mater.2015, 27, 3769. 

Ni2P@NPCNFs 0.337 63.2 56.7 ̶ Angew. Chem. Int. Ed.2018,57,1963. 

Ni2P/Fe2P ̶ 70 52 0.804 (η150 mV) Adv. Energy Mater. 2018,8,1800484. 

N@MoPCx 

MoP/CNT 

0.14 

0.5 

108 

83 

69.4 

60 

̶ 

̶ 

Adv. Energy Mater. 2018,8,1701601. 

Adv. Funct. Mater. 2018,28,1706523. 

CC@N-CoP 

Urchin-like CoP 

1.08 

0.28 

42 

105 

41.2 

46 

0.0199 (η50 mV) 

̶ 

Adv. Mater. 2018, 30, 1800140. 

Nano Lett. 2015, 15, 7616. 

np-(Co0.52Fe0.48)2P 1.0 64 45 0.1 Energy Environ. Sci. 2016, 9, 2257. 
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Co0.6Fe0.4P/CNT 0.5 67 57 ̶ Adv. Funct. Mater. 2017,27,1606635. 

Co/CoP-5 5.0 178 ̶ ̶ Adv. Energy Mater. 2017,7,1602355. 

Fe0.5Co0.5P/CC ̶ 37 37 ̶ Nano Lett. 2016, 16, 6617. 

CoMoP@C ̶ 41 50 ̶ Energy Environ. Sci. 2017, 10, 788. 

Zn0.08Co0.92P/TM 1.52 39 39 ̶ Adv. Energy. Mater. 2017,7,1700020. 

Mn-Co-P/Ti 5.61 49 55 ̶ ACS Catal. 2017, 7, 98. 

FeP/C 0.44 71 52 ̶ J. Am. Chem. Soc. 2017, 139, 6669. 

CoP@BCN 0.4 87 46 ̶ Adv. Energy Mater. 2017,7,1601671. 

MoP@PC 0.41 153 96 ̶ Angew. Chem. 2016, 128, 13046. 

CoP/CC 0.92 67 51 ̶ J. Am. Chem. Soc. 2014, 136, 7587. 

Mo-W-P ̶ 93 (η20) 52 ̶ Energy Environ. Sci. 2016, 9, 1468. 

CoP/CNT 0.285 122 54 ̶ Angew. Chem. 2014, 126, 6828. 

FeP NA/Ti 3.2 55 38 ̶ Angew. Chem. Int. Ed.2014,53,12855. 

Fe0.33Co0.33Ni0.33P ̶ 38 46 ̶ Nano Energy 2017, 34, 421. 

FeP NWs/rGO 0.204 107 58.5 ̶ Adv. Sci. 2015, 2, 1500120. 

CoP/Ti 2.0 90 43 ̶ Chem. Mater. 2014, 26, 4326. 

WP2 SMPs 0.50 161 57 ̶ ACS Catal. 2015, 5, 145. 

FeP 0.9 154 65 ̶ ACS Catal. 2016, 6, 5441. 

Co2P nanorods 0.285 134 71 0.725 (η143 mV) Nano Energy 2014, 9, 373. 
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Table S3.6 Summary of PEC activity and acidic stability for the as-prepared photocathodes. 

 

Samples 

NO. 

 

Samples names 

 

ALD post-treatment 

       j0  

(mA cm-2) 

j/j0 at 0 V vs. 

RHE 

1 p-Si                    ̶̶         0 0 

2 p-Si/ 20 nm ZnO As-deposited 2.85 13.2 (20 min) 

3 p-Si/ 20 nm AZO As-deposited -5.88 25.7 (20 min) 

4 p-Si/20 nm AZO 250 C, 30 min, air -5.17 34.1 (20 min) 

5 p-Si/20 nm AZO/10 nm TiO2 As-deposited -5.62 92.9 (6 h) 

6 p-Si/20 nm AZO/10 nm TiO2 450 C, 30 min, air -6.25 81.3 (6 h) 

7 p-Si/20 nm AZO/10 nm TiO2 450 C, 30 min, 5% H2 -3.78 54.5 (6 h) 

8 p-Si/20 nm AZO/10 nm TiO2/CoP2 As-deposited -16.7 94.1 (6 h) 
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Table S3.7 Comparison of PEC HER performance of silicon-based photocathodes. 

Photocathodes Electrolyte Eonset (V 

vs. RHE) 

j0 (mA cm-2) Ref. 

p-Si/AZO/TiO2/CoP2 0.5 M H2SO4 0.48 -17.6 This Work 

Pt/Si NW 0.5 M H2SO4 0.42 -17.0 Nano Lett. 2012, 12, 298. 

Ni-Mo/n+p-Si MW KPH buffer (pH = 4.5) 0.44 -13.2 Energy Environ. Sci. 2012, 5, 9653. 

MoSx-Ti-n+p-Si 1.0 M HClO4 0.47 -15.0 Angew. Chem. Int. Ed. 2012,51,9128. 

ZnO/p-i-n a-Si/TiO2/Pt 0.5 M C8H5KO4 0.93 -11.6 Nano Lett. 2013, 13, 5615. 

1T MoS2/p-Si 0.5 M H2SO4 0.25 -17.6 J. Am. Chem. Soc.2014, 136, 8504. 

p-Si/W2C/Pt 1 M H2SO4 0.50 -18.6 J. Am. Chem. Soc. 2014, 136, 1535. 

a-Si/Mo2C 0.1 M H2SO4 0.85 -11.2 J. Am. Chem. Soc. 2015, 137, 7035. 

n+p-Si MW/TiO2/Ni-Mo 0.5 M H2SO4 0.42 -14.3 Energy Environ. Sci. 2015, 8, 2977. 

a-Si/a-CoMoSx phosphate (pH=4.25) 0.25 -17.5 ACS Nano 2015, 9, 3829. 

MoSxCly/Si planar 0.5 M H2SO4 0.27 -20.6 Adv. Mater. 2015, 27, 6518. 

Si-MWs@MoOxSy 0.5 M K2SO4 0.24 -9.83 Nano Energy. 2015, 16, 130. 

p-Si/NiCoSex NP array 0.5 M H2SO4 0.25 -37.5 Energy Environ. Sci. 2016, 9, 3113. 

NiFe LDH/p-Si 1.0 M KOH 0.30 -7.0 ACS Energy Lett. 2017, 2, 1939. 
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Table S3.8 Comparison of PEC HER performance of photocathodes with transition-metal 

phosphide (TMP) cocatalysts. 

Photocathodes Electrolyte Eonset (V vs. 

RHE) 

j0 (mA cm-2) Ref. 

p-Si/AZO/TiO2/CoP2 0.5 M H2SO4 0.48 -17.6 This Work 

Ni12P5/Si NWs 0.5 M H2SO4 0.40 -21.0 ACS Nano 2014, 8, 8121. 

CoP-n+Si 0.5 M H2SO4 0.46 -19.2 Adv. Energy Mater. 2016, 6, 1501758 

pn+-Si/Ti/NiP2 0.5 M H2SO4 0.41 -12.0 ACS Appl. Mater. Interfaces 2016, 8, 31025. 

Cu2O/CoP 0.5 M H2SO4 0.45 -5.3 Electrochim. Acta 2017, 235, 311. 

M–Ps/p-Si 0.5 M H2SO4 0.30 -20.0 J. Mater. Chem. A 2016, 4, 14960. 

 

 

 

Table S3.9 Extracted lifetimes from time-resolved photoluminescence curves fit with a bi-

exponential decay model. 

 

Catalysts A1 (%)     τ1 (ns) A2 (%)      τ2 (ns)        τaverage (ns) 

p-Si 78.5 1.6       21.5          15.8           12.0 

p-Si/AZO 73.2 1.1       26.8           9.6             7.6 

p-Si/AZO/TiO2/CoP2 71.6 0.8       28.4           4.9             3.7 
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Appendix C: Supporting Information for Chapter 4 

Supplementary Figures 

 

 

 
 

Figure S4.1 Energy-dispersive X-ray spectroscopy (EDS) of PtP2 NCs on TEM copper grid.  

 

 

 
 

Figure S4.2 X-ray diffraction (XRD) patterns of PtP2 and Pt NCs.  
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Figure S4.3 Crystal structures of cubic PtP2 and Pt NCs. 

 

 

Figure S4.4 (a) TEM and (b) HRTEM images of Pt NCs for comparison. The average size of Pt 

NCs is 4 ± 0.3 nm. 

 

 

 



206 
 

 

 

 

 

 
 

Figure S4.5 Pt 4f core level XPS spectra of PtP2 and Pt NCs. A positive shift of 0.9 eV for binding 

energy is observed on PtP2 NCs compared to the Pt NCs.   

 

Figure S4.6 R space and inverse FT-EXAFS fitting results of Pt L3-edge. (a) and (b) PtP2 NCs, and 

(c) and (d) Pt NCs. The FT range: 2.0-14.0 Å-1; fitting range: 0.5-3.0 Å.  
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Figure S4.7 Cyclic voltammetry for PtP2 and Pt NCs before and after acetic acid treatment in N2-

saturated 0.1 M HClO4.  

Electrochemical activity of PtP2 NCs was first examined by cyclic voltammetry (CV) in 

N2-saturated 0.1 M HClO4 solution (Figure S4.7). Both the electrochemical activity of PtP2 

NCs and Pt NCs is increased after acetic acid post-treatment. This is consistent with 

previous work that the mild acetic acid treatment is capable of removing partial surface 

organic ligand of oleyamine and maintaining the size and surface properties of 

nanoparticles.[2,3]  

 
Figure S4.8 (a) The percentage of hydrogen peroxide and (b) electron transfer number of PtP2 and 

Pt NCs within the scan range of 0.1-0.7 V vs. RHE. 
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Figure S4.9 The integrated intensity of the (a) 1488 cm−1 and (b) 1264 cm−1 bands at various ORR 

potentials in O2‐saturated solutions of 0.1 M HClO4 during in situ ATR‐IR experiments. 

 

 

Figure S4.10 The IR spectra for supported PtP2 catalyst in N2, O2, and 18O2-saturated 0.1 M HClO4 

solution at 0.5 V vs. RHE. 
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Figure S4.11 The IR spectra for supported PtP2 catalyst in O2-saturated 0.1 M HClO4 and 

deuterated ClO4
- solution at 0.5 V vs. RHE. Anhydrous NaClO4 was used in D2O solution saturated 

with O2 gas at pD = 1. 

 

 

 
 

Figure S4.12 Pt L3-edge XANES spectra of reference samples of PtO2, PtCl2, and Pt foil. 
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Figure S4.13 Linear combination of PtO2, PtCl2, and Pt foil spectra (solid line) as compared to the 

raw in-situ Pt L3-edge of PtP2 NCs at OCP (green), 0.9 V (blue), 0.7 V (red), 0.5 V (olive), and 0.3 

V (cyan) for 30 min. 

 
 

Figure S4.14 Pt L3-edge XANES spectra of PtP2 NCs under a constant applied potential of 0.3 V 

vs. RHE. Initial spectrum and spectrum after 6 h are shown. 
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Theoretical Calculations 

    Computation details. First principles calculations were carried out using the Materials 

Studio with norm-conserving pseudopotentials and generalized gradient approximation 

(GGA) exchange-correlation functionals parameterized by Perdew-Burke-Enzerhof (PBE). 

A self-consistency convergence criterion of 10-6 eV was used for all calculations. All the 

structures were fully relaxed until force components on atoms were less than 10-3 eV/Å. 

The number of plane-waves was determined by a kinetic energy cutoff of 571.4 eV. 

Monkhorst-Pack grids with a maximum separation of 0.04 Å-1 between k-points were used 

for sampling the Brillouin zone. This sampling density was checked with respect to the 

convergence of the bulk PtP2 and Pt total energies, corresponding to a 4 × 4 × 1 k-point 

grid for the reciprocal space of the 12-atom PtP2 primitive cell and the 4-atom Pt primitive 

cell. We studied free energy and binding energy of reaction intermediates adsorbed on PtP2 

(111) and Pt (111) surfaces with supercells separated by vacuum of 15 Å thickness. The 

slab thickness and the vacuum separation were chosen to converge the total energy of the 

systems into 10-3 eV.  

    Computation of free-energy for the ORR. We consider the associative mechanism with 

OOH*, O* and OH* as ORR intermediates for both the two (equation 1,2) and four 

(equation 1,3,4,5) electrons ORR reaction on PtP2 and Pt in acidic solution.  

                               * + O2 (g) + H+ + e− → OOH*                                                 (S4.1) 

                                OOH*+ H+ + e− → H2O2 (l) + *                                              (S4.2) 

                                 OOH* + H+ + e− → O* + H2O (l)                                               (S4.3) 

                                     O* + H+ + e− → OH*                                                          (S4.4) 
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                            OH* + H+ + e− → H2O (l) + *                                                     (S4.5) 

where * and X* represent an adsorption site and an absorbed intermediate on the surface, 

respectively. To estimate the adsorption energy of different intermediates at zero potential 

and pH = 0, we calculated the reaction energy of each individual intermediate and corrected 

the for zero-point energy (ZPE) and entropy (TS) using the equation: ΔG = ΔE + ΔZPE -

TΔS. The entropy (ΔS) and zero-point energy corrections (ΔZPE) were determined by 

employing the computed vibrational frequencies and standard tables for the reactants and 

products in the gas phase. Additionally, we used the computational hydrogen electrode 

(CHE) approach which exploits that the chemical potential of a proton-electron pair is 

equal to that of gas-phase H2 at U = 0.0 V vs. the reversible hydrogen electrode (RHE). 

The effect of the electrode potential on the free energy of the intermediates is taken into 

account through shifting the electron energy by –eU where e and U are the elementary 

charge and the electrode potential, respectively.[15] A formation energy for the water 

molecule of -2.46 eV was adopted and a solvation energy (-0.22 eV) is applied to correct 

ΔEOH* and ΔEOOH*. The reaction overpotential could be obtained by evaluating the 

difference between the reversible potential (1.23 V vs. RHE for 4e ORR or 0.70 V vs. RHE 

for 2e ORR) and the corresponding voltage needed for changing all the free-energy steps 

into downhill. 

The forward rate constant (ki) for all elementary steps were calculated using the 

following equation: 

                         𝑘𝑖 =  (
𝑘𝐵𝑇

ℎ
) (

𝑞𝑇𝑆

𝑞𝑅
) 𝑒

−∆𝐺∗

𝑘𝐵𝑇⁄
                                       (S4.6) 
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where kB is the Boltzmann constant, T is the temperature, h is the Plank constant. Here, qTS 

and qR are the vibrational partition functions for the transition state and reactant structures, 

respectively. ΔG* is the Gibbs free energy barrier for the initial and final state of the 

elementary reaction. Bader charge was calculated using Henkelman program.    

 

Figure S4.15 Adsorption structures for all possible active sites on PtP2 (111). 

 

Figure S4.16  (a) Pt and P content in electrolyte, (b) XRD patterns, (c) Pt 4f, and (d) P 2p core 

levels of PtP2 NCs before and after ORR under 0.4 V vs. RHE for 60 h in 0.1 M HClO4.  
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Figure S4.17 (a) Low magnitude and (b) high magnitude TEM images of supported PtP2 NCs after 

ORR for 60 h at 0.4 V vs. RHE in 0.1 M HClO4. 

 

 

 

Figure S4.18 Cyclic voltammetry curves of electrochemical active surface area (EASA) of 

supported fresh-PtP2 and post-ORR PtP2 in 5 mM K3Fe(CN)6/0.1 M HClO4 solution with scan rate 

of 5 mV s-1.  
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Figure S4.19 Line-scan EDS from (a) Figure 4.4d and (b) Figure 4.4f. Carbon signal was removed 

for better comparison.    

 

 

 
 

Figure S4.20 FTIR spectra of pure PtP2 NCs and organic ligand oleyamine (OAm).   
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Figure S4.21 RRDE voltammograms at 1600 rpm in O2-saturated electrolyte with the disc current 

and ring current for PtP2 and Al2O3/PtP2.  

 

 
Figure S4.22 (a) Cyclic voltammetry curves of electrochemical active surface area (ECSA) of 

supported PtP2, Al2O3/PtP2, and Al2O3/PtP2-600  in 5 mM K3Fe(CN)6/0.1 M HClO4 solution with 

scan rate of 5 mV s-1 and (b) BET surface area for PtP2, Al2O3/PtP2, and Al2O3/PtP2-600.  
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Figure S4.23 (a) TEM, (b) HRTEM, (c) HAADF-STEM, and (d,e) elemental mapping for 

supported Al2O3/PtP2-600 electrocatalyst after ORR measurement at 0.4 V vs. RHE for 60 h.   
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Figure S4.24 Diagram showing (a) membrane electrode assembly (MEA), (b,c) single fuel cell 

reactor, and (d) overall H2-O2 fuel cell set-up for direct electrosynthesis of neutral H2O2.     
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Figure S4.25 (a) j-V polarization curves and (b) current efficiency and H2O2 production rate as a 

function of current density under various cathode catalyst loading. Cathodic conditions: no Teflon, 

water flow rate of 5 mL min-1, and fuel cell operation temperature of 80 C.   

 

Figure S4.26 Teflon content effect on (a) polarization curves, (b) current efficiency, and (c) H2O2 

production rate. Cathodic conditions: catalyst loading of 0.8 mg cm-2, water flow rate of 5 mL min-

1, and fuel cell operation temperature of 80 C.   
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Figure S4.27 Water flow rate effect on (a) polarization curves, (b) current efficiency, and (c) H2O2 

production rate. Cathodic conditions: catalyst loading of 0.8 mg cm-2, 20 wt% Teflon, and fuel cell 

operation temperature of 80 C.   
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Figure S4.28 Cross-sectional SEM image of the Pt/Nafion/Al2O3-PtP2-600 MEA after 120 h at 

optimized conditions in H2-O2 fuel cell.  
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Supplementary Tables (Appendix C) 

 

Table S4.1 Elemental composition of Pt and P in the pristine and modified PtP2 samples before 

and after ORR in acidic or neutral solution. 

 

Samples 

Weight% (ICP-MS) Atomic ratio (ICP-MS) 

  Pt   P Pt:P 

PtP2 (as synthesized) 

 

74.3 23.7 0.498 

PtP2 (after acid-treatment) 73.7 23.2 0.504 

PtP2 (after ORR) 72.6 22.4 0.514 

Al2O3/PtP2-600 (as synthesized) 66.5 21.5 0.496 

Al2O3/PtP2-600 (after ORR) 65.8 21.3 0.491 

 

 

Table S4.2 Fitting results of Pt L3-K edge EXAFS data. The coordination number (CN) and bond 

length obtained from the EXAFS spectra of the PtP2 NCs and Pt NCs. Commercial PtO2, PtCl2, and 

Pt foil were used as references. 

    Sample Bond  CN R (Å) σ2 (10-3 Å2) R factor 

 

PtP2 NCs 

Pt1-P 7.2 2.20 ± 0.03 4.2  

0.0082 
 Pt2-P 6.6 2.85 ± 0.02 8.7 

Pt NCs  Pt-Pt 10.9 2.75 ± 0.02 5.8 0.0064 

 

PtO2 

Pt-Pt 7.5 2.89 ± 0.01 6.9  

0.0062 
Pt-O 6.3 1.65 ± 0.01 7.1 

 

PtCl2 

Pt-Pt 7.2 2.71 ± 0.01 5.3  

0.0082 
Pt-Cl 6.4 1.60 ± 0.02 4.9 

Pt foil Pt-Pt 12.0 2.73 ± 0.01 4.0 0.0044 
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Table S4.3 Explanation of mass activity calculations for different electrocatalysts presented in 

Figure 4.2b of the main text. 

Sample Electrolyte Loading Amount 

(mg cm-2) 

Comment on mass activity calculation Reference 

 

Au-Pd 

 

0.1 M HClO4 

 

0.020 

For the optimized Au0.7Pd0.3/C, the generated H2O2 can be 

obtained by combining the ring current from Figure 5B 

with the mass loading and collection efficiency.    

 

[4] 

 

Pt-Hg 

 

0.1 M HClO4 

 

          0.014 

The generated H2O2 can be obtained by the calculated 

peroxide current from Figure 4b and mass loading. 

 

[5] 

 

Pd-Hg 

 

0.1 M HClO4 

 

          0.0023 

The generated H2O2 can be obtained by the calculated 

peroxide current from Figure 3d and mass loading. 

 

[6] 

 

Pt/HSC 

 

0.1 M HClO4 

 

0.050 

The generated H2O2 can be obtained by H2O2 selectivity 

and polarization curve from Figure 3b and d.  

 

[7] 

 

Pt/TiN 

 

0.1 M HClO4 

 

0.175 

The generated H2O2 can be obtained by ring current from 

Figure 3a, collection efficiency, and mass loading.  

 

[8] 

 

Au-Pt-Ni 

 

0.1 M KOH 

 

0.0038 

The generated H2O2 can be obtained by ring current from 

Figure 4a, collection efficiency, and mass loading. 

 

[9] 

 

Au-Pd 

 

0.1 M HClO4 

 

0.010 

The generated H2O2 can be obtained by ring current from 

Figure 3B, collection efficiency, and mass loading. 

 

[10] 

 

O-CNTs 

 

0.1 M KOH 

 

2.00 

The generated H2O2 can be obtained by ring current from 

Figure 1a, collection efficiency, and mass loading. 

 

[11] 

 

F-mrGO 

 

0.1 M KOH 

 

0.010 

The generated H2O2 can be extracted from Fig. 4.  

[12] 

 

BCN 

 

0.1 M KOH 

 

0.51 

The generated H2O2 can be obtained by ring current from 

Figure 4a, collection efficiency, and mass loading. 

 

[13] 
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Table S4.4 The absorption edge (E0) and corresponding oxidation state (δ) of Pt in PtP2 NCs under 

various applied potential (vs. RHE). PtO2, PtCl2, and Pt foil are used as references. 

Samples PtP2 

(Pristine) 

PtP2  

(OCP) 

PtP2 

(0.9 V) 

PtP2 

(0.7 V)  

PtP2 

(0.5 V)  

PtP2 

(0.3 V)  

PtO2 PtCl2 Pt foil 

E0 (eV) 11567.3 11567.4 11567.4 11566.7 11566.4 11566.4 11567.7 11566.2 11565.5 

δ 3.27 3.29 3.29 2.72 2.25 2.25 4.00 2.00 0 

 

 

 

Table S4.5 Rate constant values for the elementary reaction on PtP2 and Pt NCs at room 

temperature.  

Steps Elementary reactions PtP2 NCs Pt NCs 

 

1 

                            k1 

* + O2 + H+ + e− → OOH* 

 

8.65 × 1010 

 

9.28 × 1010 

 

2 

                           k2  

OOH*+ H+ + e− → H2O2 + 

* 

 

3.56 × 106 

 

6.23 × 103 

 

3 

                            k3 

OOH* + H+ + e− → O* + 

H2O 

 

1.27 × 104 

 

8.49 × 105 

 

4 

 

O* + H+ + e− → OH* 

 

3.16 × 105 

 

6.84 × 107 

 

5 

 

OH* + H+ + e− → H2O + * 

 

2.44 × 107 

 

3.36 × 108 
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Table S4.6 Experimental variables for direct electrosynthesis of neutral H2O2 in a continuous H2-

O2 fuel cell with 4 cm2 geometric electrode area.     

 

Variables 

Operating 

parameters 

Current density 

(mA cm-2) 

H2O2 

concentration 

(mmol L-1) 

Maximum 

Current efficiency 

(%) 

H2O2 production rate 

(mmol h-1 cm-2) 
Catalyst loading[I] 

(mg cm-2) 

4.0 50 5.37 43.2 0.41 

8.0 50 7.56 60.8 0.57 

16.0 20 3.12 62.7 0.24 

Teflon treatment[II] 

(wt%) 

10 80 12.40 62.3 0.93 

20 125 20.15 64.8 1.51 

40 105 14.03 53.7 1.05 

 

 

Water flow rate[III] 

(mL min-1) 

2 70 21.88 49.4 0.66 

5 125 20.15 64.8 1.51 

10 145 12.48 69.2 1.92 

15 100 4.87 58.7 1.12 

20 100 3.27 52.6 1.00 

 

Operating 

temperature[IV] (C) 

 

RT 120 7.99 53.5 1.23 

40 150 14.70 78.8 2.26 

60 140 12.62 72.5 1.94 

80 145 12.48 69.2 1.92 

[I] Cathode conditions: O2 flow rate (150 mL min-1), GDL Teflon content (0 wt%), water 

flow rate (5 mL min-1), cell temperature (80 C). 

[II] Cathode conditions: O2 flow rate (150 mL min-1), catalyst mass loading (0.8 mg cm-2), 

water flow rate (5 mL min-1), cell temperature (80 C). 

[III] Cathode conditions: O2 flow rate (150 mL min-1), catalyst mass loading (0.8 mg cm-

2), GDL Teflon content (20 wt%), cell temperature (80 C). 

[IV] Cathode conditions: O2 flow rate (150 mL min-1), catalyst mass loading (0.8 mg cm-

2), GDL Teflon content (20 wt%), water flow rate (10 mL min-1). 

The anode conditions for [1-4] are: H2 flow rate (100 mL min-1), Pt/C catalyst loading (1.0 

mgPt cm-2). 
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Appendix D: Supporting Information for Chapter 5 

Supplementary Figures 

 

 
 

Figure S5.1 Energy-dispersive X-ray spectroscopy (EDS) of AgP2 NCs on TEM copper grid.  

 

 
 

Figure S5.2 X-ray diffraction (XRD) patterns of AgP2 and Ag NCs.  
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Figure S5.3  Crystal structures of cubic Ag NCs and monoclinic AgP2 NCs. 

 
 

Figure S5.4 (a) Selected area electron diffraction (SAED) and (b) fast Fourier transform image of 

4 nm AgP2 NCs. 

 
 

Figure S5.5 TEM and HRTEM images of (a, b) 10 nm AgP2 NCs and (c,d) Ag NCs. The size range 

of Ag NCs is 6-14 nm, therefore the average size is estimated as 10 nm. 
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Figure S5.6 (a) Ag 3d, (b) P 2p core level XPS spectra of AgP2 NCs.   

 

 
 

Figure S5.7 R space and inverse FT-EXAFS fitting results of Ag K-edge. (a) and (b) 4 nm AgP2 

NCs, and (c) and (d) Ag NCs. The FT range: 2.5-12.5Å-1; fitting range: 0.6-3.0 Å.  
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Figure S5.8 Cyclic voltammetry curves of as-prepared AgP2 and Ag NCs in 5 mM K3Fe(CN)6/0.1 

M KCl solution with scan rate of 5 mV s-1.  

 

 
 

Figure S5.9 Nyquist plots of 4 nm AgP2, 10 nm AgP2 NCs, and Ag NCs obtained at open-circuit 

potential. 
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Figure S5.10 Overpotential for metric current densities for 4 nm AgP2 NCs, 10 nm AgP2 NCs, and 

Ag NCs. 

 

 

 
Figure S5.11 Stability of CO:H2 ratio at various applied potentials. 
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Figure S5.12 Stability of Ag/P ratio of 4 nm AgP2 NCs and dissolved Ag concentration in 

electrolyte during CRR for 12 h measured by ICP-MS. 

 

 
 

Figure S5.13 TEM images of the AgP2 NCs loaded on carbon support (a) before and (b) after CRR 

at -0.8 V vs. RHE for 12 h. 
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Figure S5.14 (a) Ag 3d and (b) P 2p core level XPS spectra of 4 nm AgP2 NCs before and after 

CRR. 

 
 

Figure S5.15 Linear combination of AgO, Ag2O, and Ag spectra (solid line) as compared to the 

raw Ag K-edge of 4 nm AgP2 NCs at OCP (green), -0.4 V vs. RHE (blue), -0.8 V vs. RHE (red), 

and -1.2 V vs. RHE (olive) for after holding at potential for 30 min. 
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Figure S5.16 (a) Ag K-edge XANES spectra of  4 nm AgP2 NCs with respect to CRR time under 

a constant applied potential of -0.8 V vs. RHE. (b) Ag K-edge spectra of AgO and Ag2O references 

before and after CRR at -0.8 V vs. RHE for 50 s.   

    When replacing the electrolyte with Ar-saturated 0.5 M KHCO3, an increase of white 

line intensity is observed on AgP2 under -0.8 V vs. RHE (Figure S5.17). This is potentially 

ascribed to the orbital hybridization of Ag 3d and C 2p since the CO2 molecules or 

corresponding intermediates are more likely to tightly bind the silver active sites. 

 
Figure S5.17 Ag K-edge XANES spectra of 4 nm AgP2 NCs measured at -0.8 V vs. RHE in Ar- 

or CO2-saturated 0.5 KHCO3 electrolyte.   
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Theoretical Calculations 

Periodic, self-consistent density functional theory calculations (DFT) were performed 

with the Perdew, Burke and Ernzerhof (PBE) implementation of the generalized gradient 

approximation (GGA),[1] using the Quantum espresso.[2] The ion-electron interaction was 

described with the projector augmented wave (PAW) method. A cutoff energy of 64 Ryd 

was used for the plane-wave basis set. Pristine silver catalyst, Ag (111) was modeled with 

four-layers thick slab separated by 15 Å of vacuum along the z-direction of (2×2) supercell. 

The bottom two layers were fixed at their bulk position and the top two layers with 

adsorbate were relaxed. The Brillouin zone was sampled by (8 × 8 × 1) Monkhorst-pack 

k-point mesh. All calculation parameters have been verified to ensure a convergence of 

adsorption energy within 1.0e-6 Ryd, with a force convergence threshold of 1.0e-5 Ryd/Bohr. 

Catalysis on AgP2 was studied on both the low index AgP2 (111) and high index AgP2 (211) 

surface. Both AgP2 (111) and AgP2 (211) were modeled by a (1×1) supercell, with 4 layers 

thick slabs followed by 15 Å of vacuum. The bottom layer was fixed and the three top 

layers with adsorbate were relaxed. The Brillouin zone was sampled by (10x10x1) 

Monkhorst-pack k-point mesh and similar convergence criteria were used as in the case of 

Ag (111). 

    Adsorption free-energy for each elemental step was calculated according to the 

computational hydrogen electrode (CHE) model, where each electrochemical step is 

treated as a simultaneous transfer of a proton-electron pair as a function of the applied 

potential.[3] The reaction mechanism for CO2 reduction to CO is illustrated below: 

                                         𝐶𝑂2(𝑔) +∗ +𝐻+ + 𝑒− ↔ 𝐶𝑂𝑂𝐻∗                                                 (S5.1) 
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                                      𝐶𝑂𝑂𝐻∗ + 𝐻+ + 𝑒− ↔ 𝐶𝑂∗ + 𝐻2𝑂(𝑙)                                             (S5.2) 

                                                          𝐶𝑂∗  ↔ 𝐶𝑂(𝑔)  +∗                                                         (S5.3) 

where * stands for adsorption site. Using the initial state in which gaseous CO2 is located 

above an empty surface as a reference, the Gibbs free-energy of interest are represented by 

the following equations. 

                   ∆𝐺[𝐶𝑂𝑂𝐻 ∗] = 𝐺[𝐶𝑂𝑂𝐻 ∗] − (𝐺[∗] + 𝐺[𝐶𝑂2] + 𝐺[𝐻+ + 𝑒−])            (S5.4) 

            ∆𝐺[𝐶𝑂 ∗] = 𝐺[𝐶𝑂 ∗] + 𝐺[𝐻2𝑂] − (𝐺[∗] + 𝐺[𝐶𝑂2] + 2𝐺[𝐻+ + 𝑒−]               (S5.5) 

                  ∆𝐺[𝐶𝑂] = 𝐺[𝐶𝑂] + 𝐺[𝐻2𝑂] − (𝐺[𝐶𝑂2] + 2𝐺[𝐻+ + 𝑒−])                            (S5.6) 

The computational hydrogen electrode model assumes that the chemical potential of a 

proton-electron pair is equal to half of the chemical potential of gaseous hydrogen at a 

potential of 0V. This is because zero voltage is defined based on the reversible hydrogen 

electrode, in which the reaction 

                                                                  𝐻+ + 𝑒− ↔
1

2
𝐻2                                                    (S5.7) 

is defined to be in equilibrium at zero voltage, at all values of pH, at all temperatures, and 

with H2 at 101325 Pa. Other adsorbed and non-adsorbed Gibbs free energies are calculated 

by the expression: 

                                                         𝐺 =  𝐸𝐷𝐹𝑇 + 𝐸𝑍𝑃𝐸  –  𝑇𝑆                                                 (S5.8) 

where EDFT is the calculated electronic energy, EZPE is the zero-point vibrational energy 

and TS is the entropy contribution. The temperature dependence of the  heat capacity was 

not considered in this work. Zero-point energies and entropic contributions were calculated 

by treating all 3N degrees of freedom of the adsorbate as vibrational and assuming that any 
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changes in vibrations of the surface was minimal. All vibrations were treated in the 

harmonic oscillator approximation and the required quantities were calculated from this 

vibration using standard statistical mechanics methods.[4]                               

    The associated Gibbs free-energy of hydrogen evolution reaction is defined as:[5] 

                                       ∆𝐺H∗ = ∆EH∗ + ∆𝐸ZPE − 𝑇∆𝑆H                                        (S5.9)   

where ∆𝐸ZPE and ∆𝑆H represent the differences in zero-point energy and entropy between 

the H* adsorbed state and H2 in its gas phase respectively. The fact that the vibrational 

entropy of the adsorbed state is small means that the difference in entropy, ∆𝑆H , is 

approximately: ∆𝑆H ≈−
1

2
𝑆𝐻2

0 , where 𝑆𝐻2

0  is the entropy of H2 in the gas phase at standard 

conditions5. Zero-point energy was calculated from vibration analysis as explained above. 

The hydrogen binding energies ∆𝐸H∗ were calculated by 

                             ∆𝐸H∗ = 𝐸ads − 𝐸surf −
1

2
𝐸(H2)                                        (S5.10) 

where 𝐸ads, 𝐸surf and 𝐸(H2) are the total energies of the surfaces with a hydrogen atom 

adsorbed, the pristine surfaces and the gas phase hydrogen molecule respectively. 
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Figure S5.18 All possible H* adsorption sites on the AgP2 (211), AgP2 (111), and Ag (111) surfaces. 
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Figure S5.19 The optimized geometrics of *COOH and *CO intermediates on the AgP2 (211), 

AgP2 (111), and Ag (111) surfaces. 
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Figure S5.20 The reaction free-energy diagram with applying a minimal potential (Ump) to initialize 

the CO2-to-CO reaction for (a) Ag (111), (b) AgP2 (111), and (c) AgP2 (211). (d) Comparison of 

the Ump for three selected surfaces.  
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Figure S5.21 (a) Top-view of SEM image of n+p-Si/Al2O3/AgP2 and (b) corresponding EDS of a 

selected area from (a). 

 

 

Figure S5.22 Temperature-dependent electrical resistance of AgP2 nanocrystal film. 
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Figure S5.23 Ultraviolet photoelectron spectroscopy (UPS) spectra of AgP2 and Ag NCs. The work 

function (Φ) was calculated with the equation: Φ = hν- EFermi + Ecutoff  = hν – Ewidth, where  hν, EFermi, 

and Ecutoff are the photoenergy of the excitation light (21.2 eV), the Fermi level edge, and the 

inelastic secondary electron cutoff, respectively. Therefore, the work function for AgP2 and Ag 

NCs is 4.2 and 4.8 eV, respectively.     

 
Figure S5.24 Optical absorption, reflection, and transmission of the n+p-Si, n+p-Si/Al2O3, and n+p-

Si/Al2O3/AgP2 photocathodes. 



243 
 

 

 

 

 

 
Figure S5.25 Total photocurrent density vs. time for n+p-Si/Al2O3/AgP2 and n+p-Si/AgP2 

photocathodes at a constant potential of -0.2 V vs. RHE. The inset is the corresponding Faradaic 

efficiency stability of  n+p-Si/Al2O3/AgP2 during the long-term PEC CO2 reduction.   

 

 
Figure S5.26 Incident photon-to-current conversion efficiency (IPCE) and absorbed photon-to-

current conversion efficiency (APCE) measurements of n+p-Si/Al2O3/AgP2 and  n+p-Si/Al2O3 in 

the wavelength range of 400-900 nm. 
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    Identifying the optimized insulator thickness in MIS photoelectrodes is critical to the 

balance of chemical stability and charge transport. The solid-state j-V tests over n+p-

Si/Al2O3 with various ALD cycles are shown in Figure S5.27. The charge transport is 

enhanced with increase of ALD Al2O3 cycles from 0 to 17 cycles (~ 2 nm) due to surface 

defect passivation. When the Al2O3 thickness is greater than the tunneling thickness, 

electrodes show increased resistance and by 51 cycles (~ 6 nm) conductivity is minimal.  

 
 

Figure S5.27 Solid-state j-V characteristics of the n+p-Si/Al2O3/AgP2 electrodes with various Al2O3 

thickness. 
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The ALD Al2O3 thickness-dependent PEC activity is also reflected in the j-V curves 

(Figure S5.28), in which 17 cycles Al2O3 (~ 2 nm) leads to the optimum performance. 

 

Figure S5.28 (a) j-V  curves of n+p-Si/Al2O3/AgP2 photocathodes with different numbers of ALD 

cycles for Al2O3 deposition. (b) Onset potential of photocathodes with various ALD cycles. (c) 

Photocurrent density of photocathodes with various ALD cycles at an applied potential of -0.2 V 

vs. RHE. (d)  The thickness of ALD films determined by using the X-ray reflectivity compared to 

ALD cycles.     
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Figure S5.29 Cyclic voltammograms of n+p-Si/0.5 nm Al2O3/AgP2 and n+p-Si/1 nm Al2O3/AgP2 

photocathodes in ferri/ferrocyanide solution under light illumination.   

   

 

 
Figure S5.30 Mott-Schottky plots for n+p-Si, n+p-Si/Al2O3, and n+p-Si/Al2O3/AgP2 with various 

spin cycles for AgP2 deposition.     
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Figure S5.31 Normalized transient absorption spectra (TAS) decay traces of (a) n+p-Si within 1 µs 

and (b) n+p-Si/Al2O3 and n+p-Si/Al2O3/AgP2 in a timescale of µs-ms measured at open-circuit 

potential in CO2-saturated 0.5 M KHCO3. The spectra were recorded at 550 nm.   

 

 
Figure S5.32 Comparison of the TAS of n+p-Si/Al2O3 and n+p-Si/Al2O3/AgP2 photocathodes 

recorded at 1 ms. The measurements are obtained at -0.2 V vs. RHE in CO2-saturated 0.5 M KHCO3 

solution.  
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Figure S5.33 Transient photocurrent spectra of n+p-Si/Al2O3/AgP2 and n+p-Si/Al2O3 electrode 

upon 365 nm laser illumination (400 µJ cm-2) at -0 V vs. RHE. 
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Supplementary Tables (Appendix D) 

 

Table S5.1 Elemental composition of Ag and P in AgP2 NCs before and after long-term 

electrochemical CO2 reduction reaction (CRR). No Pt species are found on AgP2 electrode after 

CO2 reduction (-0.8 V vs. RHE, 6 h) by using ICP-MS analysis. 

            Catalyst   Weight% (ICP-MS) Atomic ratio (ICP-MS) 

     Ag   P Ag:P 

AgP2 NCs (as synthesized)     61.7    35.1 0.505 

AgP2 NCs (after CRR)     60.5    32.6 0.534 

 

Table S5.2 Fitting results of Ag-K edge EXAFS data. The coordination number (CN) and bond 

length obtained from the EXAFS spectra of the AgP2 NCs, Ag NCs, and Ag foil. 

    Sample Bond  CN R (Å) σ2 (10-3 Å2) R factor 

 

4 nm AgP2 NCs 

Ag-Ag 4.8 2.86 ± 0.02 9.8  

0.0042 
 Ag-P 5.8 2.20 ± 0.03 5.7 

 

10 nm AgP2 NCs 

Ag-Ag 5.6 2.86 ± 0.02 8.3  

0.0048 
Ag-P 7.3 2.11 ± 0.01 4.8 

Ag NCs  Ag-Ag 10.5 2.65 ± 0.02 4.9 0.0037 

 

AgO 

Ag-Ag 5.4 2.89 ± 0.01 7.5  

0.0032 
Ag-O 5.2 1.65 ± 0.01 5.2 

 

Ag2O 

Ag-Ag 6.6 2.71 ± 0.01 4.7  

0.0045 
Ag-O 5.7 1.60 ± 0.02 5.4 

Ag foil Ag-Ag 12.0 2.64 ± 0.02 3.4 0.0024 
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Table S5.3 Summary of geometric current density, CO and H2 Faradaic efficiency, and CO partial 

current density as a functional of potential for 4 nm AgP2 NCs.   

Potential 

(V vs. RHE) 

Geometric current 

density (mA cm-2)  

CO Faradaic 

efficiency (%) 

H2 Faradaic 

efficiency (%) 

CO partial current 

density (mA cm-2) 

CO/H2 ratio 

-0.22 -0.09 10.5%  85.4%  -0.010 0.12 

-0.30 -0.14 15.9% 78.5% -0.022 0.20 

-0.40 -0.26 21.0% 70.8% -0.055 0.30 

-0.415 -0.28 23.2% 69.6% -0.065 0.33 (1:3) 

-0.458 -0.35 27.5% 68.7% -0.096 0.40 (2:5) 

-0.494 -0.52 32.4% 64.8% -0.168 0.50 (1:2) 

-0.50 -0.80 33.1% 62.3% -0.265 0.53 

-0.60 -2.46 48.6% 48.6% -1.244 1.00 (1:1) 

-0.61 -2.68 53.5% 40.2% -1.434 1.33 (4:3) 

-0.70 -4.62 76.3% 19.0% -3.525 4.00 

-0.80 -8.04 82.0% 15.6% -6.593 5.26 

-0.90 -11.50 70.4% 27.1% -8.096 2.60 

-1.00 -15.20 57.3% 37.6% -8.710 1.52 

 

Fisher-Tropsch reactions for syngas production: 

(1)  n CO + (2n + 1) H2   →  CnH2n+2 + n H2O   

 n = 1, CO:H2 = 1:3, methane (CH4) is main product;  n = 2, CO:H2 = 2:5, ethane (C2H6) is 

main product. 

(2)  2n CO + (n + 1) H2  →  CnH2n+2 + n CO2  
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          n = 1, CO:H2 = 1:1, methane (CH4) is main product;  n = 2, CO:H2 = 4:3, ethane 

(C2H6) is main product.  

(3) n CO + 2n H2           CnH2n + n H2O           CO:H2 = 1:2, olefin are main products. 

(4) n CO + 2n H2          CnH2n+1OH + (n-1) H2O    CO:H2 = 1:2, alcohols are main products. 

 

Table S5.4 Comparison of Ag-based electrocatalysts for CO2 reduction in CO2-saturated KHCO3 

solution. 

Electrocatalyst Catalyst 

loading     

(mg cm-2) 

Eonset,CO 

(V vs. RHE) 

-jCO  

(mA cm-2) 

-jCO
 

(mA mg-1) 

Max 

 FECO 

CO/H2  

ratio 

range 

 Ref. 

 4 nm AgP2 NCs 0.5 -0.22 0.27 (-0.5 V)   

8.7 (-1.0 V) 

0.54 

17.4 

82.0% 1:3 to 5:1  This 

Wor

k 

Ag NPsa 6.7 ̶ 0.92 (-0.78 V) 0.137 ̶ ̶  [6] 

np-Ag 40  -0.20  8.0 (-0.5 V) 0.1989 93.1% ̶  [7] 

      3 nm Ag/C 0.09    -0.45 0.23 (-0.5 V) 2.56 84.4% 1:3 to 4:1  [8] 

       Ag foil ̶     ̶    4.5 (-1.0 V) ̶ 82.9% ̶  [9] 

Oxidized Ag foil ̶  -0.50  2.0 (-0.6 V) ̶      88.0% ̶  [10] 

   Amine-Ag/C  0.06 -0.55  0.12 (-0.5 V) 1.85 94.2% ̶  [11] 

Ag nanocorals ̶ -0.40   1.5 (-0.5 V)  ̶ 95.0%     16:1  [12] 

Tri-Ag-NPs 0.51 -0.206   2.2 (-1.0 V) 4.31 96.0%         ̶  [13] 

Oxide-derived Ag ̶ -0.40   3.0 (-1.0 V) ̶ 95.0%         ̶  [14] 

Ag-Sn 1.0 -0.50   2.0 (-0.8 V) 2.0 10.0%   1:7 to 1:1  [15] 
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Table S5.5 Summary of geometric current density, CO and H2 Faradaic efficiency, and CO partial 

current density as a functional of potential for 10 nm AgP2 NCs.   

Potential 

(V vs. RHE) 

Geometric current 

density (mA cm-2)  

CO Faradaic 

efficiency (%) 

H2 Faradaic 

efficiency (%) 

CO partial current 

density (mA cm-2) 

CO/H2 

ratio 

-0.44 -0.22 5.45% 88.3% -0.012 0.062 

-0.50 -0.36 16.6% 80.3% -0.060 0.21 

-0.60 -1.66 29.6% 67.6% -0.491 0.44 

-0.70 -3.12 41.3% 53.5% -1.288 0.77 

-0.80 -5.34 65.7% 32.6% -3.508 2.02 

-0.90 -7.83 58.8% 37.1% -4.604 1.58 

-1.00 -10.1 51.5% 44.6% -5.202 1.15 

 

Table S5.6 Summary of geometric current density, CO and H2 Faradaic efficiency, and CO partial 

current density as a functional of potential for 10 nm Ag NCs. 

Potential 

(V vs. RHE) 

Geometric current 

density (mA cm-2)  

CO Faradaic 

efficiency (%) 

H2 Faradaic 

efficiency (%) 

CO partial current 

density (mA cm-2) 

CO/H2 

ratio 

-0.59 -0.11 3.14% 72.3% -0.004 0.043 

-0.60 -0.13 4.05% 78.3% -0.005 0.052 

-0.70 -0.33 9.36% 75.0% -0.031 0.125 

-0.80 -0.95 18.7% 67.6% -0.178 0.277 

-0.90 -2.06 27.4% 56.8% -0.564 0.482 

-1.00 -4.12 34.3% 50.7% -1.413 0.677 
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Table S5.7 The absorption edge (E0) and corresponding oxidation state (δ) of Ag in 4 nm AgP2 

NCs under various applied potential (vs. RHE). AgO, Ag2O, and Ag foil are used as references. 

Samples AgO AgP2 

(Pristine) 

AgP2  

(OCP) 

AgP2 

(-0.4 V) 

AgP2 

(-0.8 V)  

AgP2 

(-1.2 V)  

Ag2O Ag foil 

E0 (eV) 25528.18 25528.07 25528.05 25527.52 25526.28 25524.31 25526.12 25524.30 

δ 2 1.96 1.95 1.72 1.08 0 1 0 

 

 

Table S5.8 The adsorption energy ΔEH* and Gibbs free-energy ΔGH* in eV of the H* adsorbed at 

selected active sites on the AgP2 (211), AgP2 (111), and Ag (111) surfaces. 

Surfaces Adsorption site  ΔEH* (eV) ΔGH* (eV) 

 

AgP2 (211) 

Ag1 0.465 0.845 

Ag2 0.645 0.766 

P1 -0.629 -0.360 

P2 -0.705 -0.486 

P3 -0.755 -0.436 

 

 

AgP2 (111) 

 

Ag1 0.394 0.704 

Ag2 0.113 0.424 

Ag3 0.0392 0.350 

Ag4 -0.0157 0.295 

P1 -0.233 0.0358 

P2 -0.279 -0.0392 

Ag (111) 

 

Ag -0.233 0.0358 
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Table S5.9 The adsorption energy ΔE and Gibbs free-energy ΔG in eV of the *COOH and *CO 

adsorbed at optimized site on the AgP2 (211), AgP2 (111), and Ag (111) surfaces. 

Surfaces Adsorbed intermediates ΔE (eV) ΔG (eV) 

AgP2 (211) *COOH -0.183 0.355 

*CO -0.221 0.159 

AgP2 (111) *COOH -0.105 0.434 

*CO -0.223 0.135 

Ag (111) *COOH 0.567 1.134 

*CO 0.254 0.79 

Table S5.10 Summary of geometric photocurrent density, CO and H2 Faradaic efficiency, and CO 

partial current density as a functional of potential for n+p-Si/Al2O3/AgP2.   

Potential 

(V vs. RHE) 

Geometric current 

density (mA cm-2)  

CO Faradaic 

efficiency (%) 

H2 Faradaic 

efficiency (%) 

CO partial current 

density (mA cm-2) 

CO/H2 

ratio 

 0.20 -1.08 18.0%  73.6%  -0.194 0.24 

0.10 -1.70 32.2% 64.3% -0.547 0.50 

0 -2.82 49.4% 49.1% -1.393 1.00 

-0.10 -4.96 56.8% 41.3% -2.817 1.38 

-0.20 -6.90 67.0% 31.0% -4.623 2.16 

-0.30 -9.18 62.3% 36.0% -5.719 1.73 

        -0.40 -11.20 49.5% 48.9% -5.544 1.01 

-0.50 -12.65 43.4% 55.5% -5.490 0.78 

-0.60 -13.20 36.4% 62.5% -4.805 0.59 
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Table S5.11 Comparison of recently reported photocathodes for PEC CO2 reduction. 

 

 

 

 

 

 

 

Photocathode Electrolyte Eonset,CO 

(V vs. RHE) 

-j-0.11, CO  

(mA cm-2) 

-j-0.5, CO
 

(mA cm-2) 

Maximu

m FECO 

CO/H2  

ratio range 

 Ref. 

 n+p-Si/Al2O3/AgP2 0.5 M KHCO3 0.20 3.20 5.49 67.0% 1:5 to 2:1  This Work 

n+p-Si/Al2O3/AgP2 ~ +EMIM-BF4 0.26 3.86 6.02 89.0% 1:4 to 8:1  This Work 

n+p-Si/Al2O3/Ag 0.5 M KHCO3 0.09        1.34 3.62 39.0% ̶  This Work 

 

n+p-Si/AgP2 0.5 M KHCO3 -0.06        0.08 1.02 41.0% ̶  This Work 

 

Zn/ZnO/ZnTe 0.5 M KHCO3 -0.20           ̶ 1.18 22.9% ̶  [16] 

ZnO-

NWs/ZnTe/Au 

0.5 M KHCO3  -0.10        0.82 ̶ 95.5% 1:2 to 2:1  [17] 

      Au/p-GaN 50 mM K2CO3     -0.40       0 ̶ ̶  0  to 5:1  [18] 

   Au3Cu NP/Si NW 0.1 M KHCO3      0.15               1.50 ̶ 76.6% ̶  [19] 

   RA-Au/n+p-Si 0.2 M KHCO3   0.20        2.26 3.75      91.0% ̶  [20] 

    N:C/N:ZnTe 0.5 M KHCO3 -0.60        1.21 ̶ 72.0%         ̶  [21] 
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Table S5.12 Summary of redox peak potential and current density for n+p-Si/Al2O3/AgP2 

photocathode with various ALD Al2O3 thicknesses in ferri/ferrocyanide redox solution. 

          Photocathode Eoxidation 

(V vs. RHE) 

joxidation 

(mA cm-2) 

Ereduction 

(V vs. RHE) 

|Jreduction| 

(mA cm-2) 

ΔEsplit 

(mV) n+p-Si/2 nm Al2O3/AgP2 0.216 3.05         0.145 3.03 61 

n+p-Si/0.5 nm Al2O3/AgP2 0.222 2.76         0.110 1.62 112 

n+p-Si/1 nm Al2O3/AgP2 0.218 2.95         0.136 2.35 82 

n+p-Si/5 nm Al2O3/AgP2 0.492 0.86             ̶ ̶ ̶ 

n+p-Si/2 nm Al2O3 0.514 1.56        -0.080 0.76 590 
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