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Hydrogen oxidation on platinum is shown to be a surface catalytic chemical reaction that 

generates a steady state flux of hot (> 1 eV) conduction electrons. These hot electrons are 

detected as a steady-state chemicurrent across Pt / TiO2 Schottky diodes whose Pt surface 

is exposed to hydrogen and oxygen. Kinetic studies establish that the chemicurrent is 

proportional to turnover frequency for temperatures ranging from 298 K to 373 K, for PH2 

between 1 and 8 Torr and PO2 at 760 Torr. Both chemicurrent and turnover frequency 

exhibit a first order dependence on PH2. 
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Any exothermic adsorption process or chemical reaction at a metal surface 

produces electron-hole pairs since no gap exists between occupied and unoccupied 

electronic energy levels in metals.  Usually only a small fraction of the reaction heat is 

transferred to an electron-hole pair.  A few chemical processes on high work-function 

metal surfaces have been recently discovered that transfer a substantial fraction of the 

reaction heat to the kinetic energy of individual metal electrons1-12. There is growing 

evidence which indicates that these energetic electrons, often called hot electrons, 

influence surface reactivity13, 14. These energetic subsurface electrons have been directly 

detected in metal/semiconductor Schottky diodes whose metal surface is subject to a 

chemical process15, 16 , 17. These diodes are made by depositing a thin-metal film onto a 

semiconductor in such a way that a Schottky barrier between the two is created, as shown 

in Fig. 1a. If the fraction of the reaction heat that is transferred to a metal electron 

exceeds the Schottky barrier, the electron will travel ballistically through the metal 

conduction band, and possibly reach the semiconductor, where it would contribute to the 

observed electric current, referred to as chemicurrent as shown in Fig. 1a. Non-catalytic 

metal-semiconductor diodes have been used to prove that hot electrons are generated in 

adsorption reactions in ultrahigh vacuum (UHV) at temperatures below 150 K 18-20. By 

using catalytic metal-semiconductor diodes such as Pt/TiO2 or Pt/GaN, it has also been 

possible to detect steady chemicurrent from catalytic CO oxidation at atmospheric 

pressure, between 400 K and 550 K 16, 21. A family of models assuming that the non-

adiabatic energy transfer during a surface chemical process is dominated by electron-hole 

pair excitations has been suggested.  4, 22, 23 , 24. Nonetheless, the question of whether 

surface catalytic reactions other than CO oxidation can generate chemicurrent has not 
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been confirmed. This question is of importance because it can indicate that hot electron 

generation during an exothermic catalytic reaction is a general phenomenon.  

 This report describes the detection of steady state chemicurrent in catalytic 

hydrogen oxidation on Pt. Hydrogen oxidation has a reaction heat of eV per 

water molecule  25, which is well below platinum’s work function of 5−6 eV, and below 

the thresholds for Pt surface or bulk electronic collective modes  11. Distinct reaction 

pathways may be followed in different conditions 25-28. Hydrogen oxidation well above 

water desorption temperature proceeds mainly via a Langmuir-Hinshelwood rate-limiting 

step  27,29. The reactive desorption of H2O may involve 

 28,26 or ; with reported low coverage 

activation energies of 16 kcal/mol and 18 kcal/mol respectively 30. The activation energy 

is substantially lowered below the water desorption temperature, as surface water 

catalyzes hydroxyl formation 28.  On oxygen-covered Pt(111),  another channel, 

, is open above 150K, and reactive desorption, 

 begins above 215K and continues beyond 300K. 31 Most of these 

studies are conducted in UHV; much less is known at atmospheric pressure.  

In this paper, we present the experimental detection of a continuous flux of 

energetic (hot) electrons during catalytic hydrogen oxidation using Pt/TiO2 catalytic 

nanodiodes at atmospheric pressures. The hydrogen oxidation reaction reported to 

produce hot electrons is the second catalytic reaction under atmospheric pressures 

following the CO oxidation reaction that was reported elsewhere earlier 15, 21. We 

establish the dependence of the hot electron flow, referred to as chemicurrent, and 

reaction turnover rate on hydrogen partial pressure.   
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The design of nanodiodes tested in this work is described elsewhere 32.  Briefly, p-

type (100) silicon wafers with a 500 nm thermally grown silicon oxide film were 

subjected to a standard piranha clean prior to further processing. The first step consists of 

depositing a 4 × 4 mm2, 150 nm thick film of titanium oxide onto the silicon oxide 

through an aluminum shadow mask, by reactive direct current (DC) magnetron 

sputtering. The wafer is then annealed in O2, using rapid thermal annealing at 375 oC for 

5 minutes. A 10 nm film of titanium is then deposited through a second mask using 

electron beam evaporation. A 50 nm gold film, which constitutes the nanodiode’s two 

ohmic electrodes, is then deposited through the same mask. The titanium serves as an 

adhesive between the gold and the titanium oxide. Finally, a 5 nm platinum catalyst film 

is deposited through a third mask, for a total active area of 3 mm2 per diode. Barrier 

heights and ideality factors for the nanodiode are obtained by fitting the current-voltage 

(I-V) curves of diodes to the thermionic emission equation 32. Typical barrier height and 

ideality factors for the Pt/TiO2 nanodiodes are 1.1−1.2 eV, and 1.5−2.0, respectively. 

The nanodiode is placed on a ceramic heater, and the temperature is monitored by 

a thermocouple, fluctuating by less than 0.5 K. The turnover of water molecules was 

obtained by monitoring the amount of H2 during the reaction, using a gas chromatograph 

connected to the chamber by a sample loop equipped with a circulation pump. The 

nanodiode’s electrodes are connected to an electrical circuit with gold wires, making it 

possible to characterize the device by measuring its I-V curve with a sourcemeter. The 

same sourcemeter is used to measure chemicurrent passing through the diode while the 

chemical reaction is taking place. No voltage bias is applied to the diode. 
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Since TiO2 is quickly (within seconds) reduced by atomic hydrogen, which 

diffuses through the platinum film 33, and since the hydrogen/oxygen mixture is explosive 

in certain conditions, oxygen is used in large excess (>99%). The reaction is conducted in 

a batch reactor with a volume of about 1 liter, pumped down to 10-6 Torr in between runs. 

The rectifying performance of the diodes degrades with hydrogen exposure because of 

the spill-over effect as shown in Figure 1Sa of the supporting information. Under our 

hydrogen oxidation conditions, however, where we have a large excess of oxygen, the 

diodes sustain their rectifying behavior (See Figure 1Sb of the supporting information). 

This suggests that the oxygen keeps the semi-conductor part of the diode oxidized, or 

prevents the hydrogen from diffusing through the platinum. With spill-over largely 

absent, the Schottky barrier remains constant on the time scale of the experiments.  

Fig. 1b shows the current measured with a Pt/TiO2 diode under reaction 

conditions, as a function of time, during a temperature ramp from 298 K to 373 K, in 6 

Torr of H2 and 760 Torr of O2. The current increases with temperature and is stable at 

fixed temperatures. The thermoelectric current was separately measured under 1 

atmosphere of He, and is found to be lower than 0.3 nA at 373 K. Because the current 

detected under hydrogen oxidation at 373 K (17±1 nA) is much higher than the 

thermoelectric current, most of the current signal can be attributed to the chemicurrent. 

The reaction is concurrently monitored using a gas chromatograph in order to determine 

chemicurrent yield (number of electrons detected per reaction event). Fig. 1c shows the 

number of water molecules per platinum site produced on the Pt/TiO2 diode under 6 Torr 

of H2 and 760 Torr of O2, as a function of time; it is assumed that the surface Pt site 

density is equivalent to that of Pt(111). The turnover frequency at different temperatures 
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is obtained by taking the slope of the plots, and increases with temperature, as shown in 

Fig. 1c. 

The activation energy is determined using the turnover rate and chemicurrent 

measured as a function of temperature. Fig. 2 shows the resulting Arrhenius plots on the 

same graph. The error bars in the plot correspond to the standard deviations of the 

measurements. The two resulting activation energies match (7.4 ± 0.3 kcal/mol for 

chemicurrent and 7.6 ± 0.6 kcal/mol for turnover rate), which implies that the 

chemicurrent originates from the catalytic reaction. Again, thermoelectric current is 

negligible (<0.3 nA) in the range of temperatures (298−373 K) used here. The effect of 

an increase in the sample temperature due to the heat of reaction has been shown to be 

negligible in previous work 21. The activation energy for hydrogen oxidation under 

identical conditions (6 Torr of H2 and 760 Torr of O2) measured on a Pt foil separately is 

8.3 (± 0.6) kcal/mol, which is comparable to that on Pt/TiO2 nanodiodes within the 

experimental error. 

The dependence of chemicurrent and turnover rate on the partial pressure of H2 is 

also investigated. Fig. 3a shows the measurement of turnover rate at five different partial 

pressures of H2 from 1 to 8 Torr, and indicates a linear relationship between water 

formation and H2 partial pressure, consistent with a Langmuir-Hinshelwood mechanism. 

Fig. 3b shows the plot of chemicurrent as a function of partial pressure of H2 measured at 

four different temperatures, with again a linear dependence between chemicurrent and 

partial pressure of H2.  

The apparent chemicurrent yield can be obtained by dividing chemicurrent 

(number of electron per second) by turnover rate (number of product molecules per 
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platinum site per second). Therefore, the chemicurrent yield represents the hot electrons 

collected per product molecule formed on a single metal site. Its value in hydrogen 

oxidation, based on measurements at several different temperatures, is (1.1 ± 0.1) × 10-4. 

The apparent yield in CO oxidation on the same 5 nm Pt/TiO2 diode 32 is 2.3 ± 0.5  ×10-4.  

The lower chemicurrent yield of H2 oxidation compared to CO oxidation may be 

associated with the lower reaction heat of H2 oxidation (2.5 eV per product molecule, 

H2O34, 35) compared to that of CO oxidation (2.9 eV per product molecule, CO2 
36). These 

apparent chemicurrent yields are comparable in order of magnitude to those seen in 

chemisorption of hydrogen on Ag/n-Si(111) and Cu/n-Si(111) diodes with 7.5 nm metal 

films (chemicurrent yields of 4.5 × 10-3 and 1.5 × 10-4 electrons per adsorption event, 

respectively) 20.  

These H2 oxidation results, together with earlier results for CO oxidation, can be 

seen as model reactions for hot electron generation in the complete combustion of 

hydrogen and oxygen containing species: hydrocarbons, alcohols, ethers, aldehydes, 

ketones, and carboxylic acids, etc. This points to potential applications of nanodiodes as 

chemical sensors that could perform across a wide pressure range from the ultrahigh 

vacuum to the high pressures relevant in industrial catalysis. 

In conclusion, the catalytic oxidation of hydrogen on a Pt/TiO2 nanodiode yields a 

steady state chemicurrent, which is proportional to turnover frequency. In contrast to the 

earlier studies of CO oxidation, stronger evidence for the intimate correlation between the 

surface chemistry and hot electron flow is presented here as the thermoelectric effect is 

negligible due to the low temperature of reaction (below 120 oC) compared to the earlier 

studies of CO oxidation. The fact that both H2/O2 and CO oxidation are exothermic 
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catalytic reactions yielding experimentally measured hot electron flow suggests that the 

chemical phenomenon of hot electron production during catalytic reactions on transition 

metal surfaces may be widespread. 
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Figure Captions 

 

Figure 1. :  (a) The inset shows the energy diagram of a catalytic metal-semiconductor 

diode, along with a cross-section of the Pt/TiO2 diode. The metal-semiconductor 

interface creates a Schottky barrier (ESB), equal to the difference between the 

metal’s work function and the semiconductor’s electron affinity. In order to be 

collected, electrons need to have an excess energy higher than the Schottky 

barrier. (b) Chemicurrent measured at different temperatures on a Pt/TiO2 diode, 

in 6 Torr of H2 and 760 Torr O2. (c) Plot of water molecules produced in 

hydrogen oxidation reaction per platinum site as a function time. Turnover at 

different temperatures can be obtained by taking the slope of the plots. 

 

Figure 2. Arrhenius plots obtained from chemicurrent and turnover measurements on a 

Pt/TiO2 diode with pressure of 6 Torr of H2 and 760 Torr O2. Both give similar 

activation energies, which implies that hot electron generation under hydrogen 

oxidation is proportional to the catalytic turnover rate. The error is associated with 

multiple measurements of chemicurrent and turnover rates.  

 

 

Figure 3. (a) Turnover frequency for different pressures of H2 in 760 Torr of O2, at 

353K, measured with gas chromatography. (b) A plot of chemicurrent as a 

function of different pressures of H2 in 760 Torr of O2. Both series of 

measurements exhibit a linear increase as the pressure of hydrogen rises. 
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