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ABSTRACT  

The configuration and geometry of chemical reactors underpins the accuracy of performance 

evaluation for photocatalytic materials and, accordingly, the development and validation of 

thermodynamic and kinetic model reactions. The lack of accurate photonic, mass, and heat 

transport profiles for photochemical reactors hinder standardization, scale-up, and ultimately 

comparison between different experiments. This work proposes two contributions at the interface 

between engineering of chemical process and materials science: (A) an automated compact 

stainless-steel photoreactor with 40 cm3 and 65 cm2 of volume and area, respectively, for hydrogen 
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photoproduction as a model reaction and (B) the synthesis, characterization, and performance of 

TiO2 Schottky junctions, using Pd, Pt, or Au nanoparticles (ca. 0.5, 1, 2wt.% loadings each) to 

validate the operation of the reactor. A photonic profile methodology is implemented to the studied 

reactor to obtain the local light absorption profile, opening up for evaluation of the local quantum 

yield calculation for the selected materials. A combination of transmission electron microscopy, 

(X-ray/ultraviolet) photoelectron/electron, energy loss/infrared spectroscopies, X-ray scattering, 

inductively coupled plasma atomic emission spectroscopy, and ultraviolet-visible 

spectrophotometry is employed to determine the distinctive surface and bulk properties to build 

structure-function correlations. The (Pd, Pt, Au)/TiO2 Schottky junction exhibits H2 production 

rates slightly higher than previous studies, with quantum yields almost 2-fold higher than reported 

values. These results, demonstrate that the proposed novel geometry of the photoreactor improves 

the photonic, heat, and mass profiles. An in-depth analysis of the Au plasmon was investigated 

coupling electron energy loss spectroscopy, UV-vis, and transmission electron microscope, 

resulting in insightful information about the Au NP mode at the TiO2 interface. 

Keywords: Photoreactor, photonic profile, Schottky junctions, TiO2 P25, co-catalysts  

 
1. Introduction 

Solar energy[1–4] is foreseen as a promising solution to the climate crisis due its highly abundant 

energy content.[5] Capturing only 0.04% of the 36000 TW irradiation that arrives to the Earth’ 
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surface would be enough to supply the global energy demand, e.g., 28 TW by 2050.[5] The 

photoconversion of solar photons to energy on demand has reached maturity in some technologies, 

for example photovoltaics and/or concentrated solar power, but other tools are in current demand 

and development. One promising pathway to solar light conversion is by storing it in chemical 

carrier molecules[6] (molecular dihydrogen, H2), easy to transport and straightforward to integrate 

in the existing technological transformation processes.[7] Amongst the solar fuels, H2 is one of the 

most attractive systems due to its high mass-energy content (142 MJ/mol), two- to three-fold 

higher than conventional fossil fuels, when used in direct combustion.[5] H2 is mainly produced 

by steam-methane reforming but renewable sources and processes are starting to appear in the 

roadmap.[8] By using the trifecta of light, water, and a catalyst (TiO2) in 1972 Honda & Fujishima 

photoproduced H2 via water splitting. [9] Since then, there has been five decades of active research 

in the field of artificial photosynthesis, referred by experts as one of the holy grails in physical-

chemistry.[6]  

Heterogeneous photocatalysis research into the H2 evolution reaction (HER) requires the use of a 

suitable photochemical reactor along with the assistance of a sacrificial agent. It is noteworthy to 

say that the scaling-up of photocatalytic H2 production has not reached a sufficient technological 

readiness level (TRL) due to a dual bottleneck: (A) efficient, abundant, recyclable, and low-cost 

catalysts and (B) a scalable, reproducible, and easy to handle reactor with a homogeneous 

photonic/heat/mass profile. Unfortunately, researchers have not yet developed photo catalytically 

active materials from cheap, abundant sources with the required ~10% solar-to-hydrogen energy 

conversion capacity[10,11] nor have we constructed a standard photochemical reactor of efficient 

photonic/heat/mass transfers with low losses. Therefore, the rational design of advanced 

photocatalytic systems has been the center of attention for several decades. However, the 
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development of batch, scalable, and compact photoreactors has progressed more slowly compared 

with the advances made in photocatalytic materials discovery.[12] The design of compact and 

transportable photoreactors comprising favorable properties (efficient local radiation/photonic 

flux, high photon absorption, homogeneous heat transfer, constant temperature during reaction, 

low volume, low mass of catalyst, good particle distribution) is of paramount importance for the 

TRL ascend towards achieving unprecedented thermodynamic and kinetic efficiencies. Of equal 

importance is the capability to perform operando and in-situ tests,[13–15] for better informed 

developments in the field. In this context, development of improved and better standardized 

photoreactors could reactivate interest and efforts in this perhaps the currently overlooked sub-

field of photochemical engineering. 

In terms of the photocatalytic materials design, multi-phase heterostructures in different 

organic/inorganic/metals (M) combinations have proven to surpass the efficiencies of their 

individual semiconductor (SC) components by modifying optical, electronic, morphological, 

structural, bulk, and surface properties.[16–18] Numerous multi-component composites have been 

reported and further progressed the semiconductor photocatalysis field. Regardless of these efforts, 

the benchmark material remains titanium dioxide (TiO2), despite its wide band gap, ca. 3.2 eV,[19] 

hindering the utilization of an important part of the solar spectrum, namely the visible one.[20] 

For that reason, titania-based materials have been rationally designed following different strategies 

– with the aim of improving visible-light capture properties. Examples include deposition of noble 

& coinage M (Schottky junction formation),[21–23] doping with impurities[24] (cation, anion, co-

doped, and co-alloyed), coupling with medium or small band gap SCs (staggered/Z-scheme 

heterojunction formation),[10,16,17,25] and dye grafting[26,27] (surface activation and/or 

photosensitization). 
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Among the different TiO2 band gap engineering modifications,[16,17,28,29] Schottky junction 

formation is particularly attractive because it exploits the use of deposited metal (M) nanoparticles 

(NPs) onto a substrate SC with a physico-chemical contact to form an intimate interface. This 

composite structure exploits first, the co-catalytic active sites and second, the electron pump 

functionalities, driven largely by electronic properties. A third functionality can be expected in 

cases where the M NP of choice has a surface plasmon, defined as the collective coherent 

oscillation of free electrons upon irradiation of a specific photon energy.[30] In photo 

electrocatalysis M/SC combinations have been widely used due to their vast performance 

augmentations delivered by the M NPs, bringing significant improvements (≥10 fold) compared 

to the SC alone.[31] Purely electrocatalytic metal activity has been elucidated to form a volcano 

plot relative to the standard free energy of adsorption assuming a Langmuir adsorption 

isotherm.[32,33] 

The present work highlights two contributions in interconnected sub-fields: (A) a newly designed 

compact photoreactor (Fig. 1a) for automated HER in the presence of a sacrificial agent with 

frontal irradiation (engineering of chemical processes) and (B) synthesis, characterization, and 

performance of TiO2 Schottky junctions, using Pd, Pt, or Au nanoparticles (ca. 0.5, 1, 2wt.% 

loadings each) to validate the operation of the reactor (materials science). Our hope is to further 

stimulate the design of novel compact reactors and accelerate the TRL-development for photo 

electrocatalysis. Automated data acquisition and H2 quantification at controlled intervals is made 

possible due to the inclusion of an in-line gas chromatographer into the experimental configuration 

with defined parameters. Details on the setup are provided in Experimental section. The circular 

wall geometry, in contrast to other reactors[29,34,35], is conceived to avoid accumulation of 

particles on the corners, which guarantees continuous and homogeneous circulation of the NPs. A 
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flat compartment at the bottom of the reactor (the width of a magnetic stirrer diameter – 0.5 cm) 

prevents obstructions to the vortex flow and enables sufficient convection to maintain a 

homogeneous suspension of NPs. Both geometrical choices are chosen to increase the photon-NP 

impact probability when entering from the quartz window. A second source of NP transport is 

included in the form of a cross sectional vortex from the N2 line, entering at the top right-hand side 

of the reactor. When determining the thickness (or depth) of the cylinder, a compromise is required 

between suspended NPs concentration and their passage into the quartz window entrance, the 

gateway of the incoming photons. Further to this work, a parametric study on stirring speed, NPs 

concentration, sacrificial agent concentration/nature, N2 flux rate, and monochromatic lights 

should be envisaged.  

 
Figure 1. a) Compact photoreactor and its setup accessories b) Photonic local profile of the reactor showing the one-

dimensional/one-directional radiation model (A) and two-dimensional, two-directional radiation (B-D). (B) Representation of the 

r and z spatial mesh discretization of the photoreactor, (C) Directional mesh for the Quadrant I and (D) representation of 

quadrants of the spatial cell. 

2. Results and discussion 

Therefore, the implementation of a photonic model is of great use for two reasons: a) evaluate the 

photoreactor photonic transfer efficiency and b) to combine such functionality with the material’s 

light absorption to obtain quantum yields (Q.Y.). The light absorption capacity of the photoreactor 
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is evaluated through a photonic model (well described elsewhere)[13] and implemented for our 

photoreactor to understand process efficacy. In short, the radiative transfer system (RTE, equation 

S1) is proposed assuming a set of defined physical properties and geometry conditions (see S1). 

The model combines the optical properties of the photocatalyst suspensions at different 

concentrations using the discrete ordinate method (DOM) in the rectangular spectrophotometer 

reactor. The reactor is considered as infinite plane parallel medium with azimuthal symmetry, with 

one-dimensional and one-directional radiation transport model to solve the RTE (Fig. 1b) A). To 

apply the DOM tool to transform the integro-differential equation S1 into a system of algebraic 

equations (possible to solve numerically) our reactor configuration requires the use of a cylindrical 

two-dimensional (r-z variables) and two-directional (𝜃 − 𝜙 variables) model of the photoreactor 

radiation field (Fig. 1b) B-C). The net radiation intensity at each 𝑟 − 𝑧 point of the reactor is now 

represented using a discretized spatial mesh having two angular-related coordinates 𝜇 =

cos(𝜃) ;  𝜂 = cos (𝜙). Fig. 1b) C displays 𝜇;  𝜂  unitary, basal projection(s) in a quadrant of the 

space around a 𝑟 − 𝑧 point calculated using the S16 method.[36] Obtaining intensity at each point 

of the reactor requires dividing the space into 4 quadrants as depicted in Figure 1b) D and the 

measurement of the incident light intensity at the boundary (liquid surface) using actinometry.[37] 

According to the Duderstadt and Martin recommendation and their proposed numerical 

procedure[37], the finite difference and DOM was derived directly from the radiation balance for 

each mesh reactor (Fig. 1b) D). As a result of solving the algebraic system (elucidated in S1), the 

local volumetric rate of photon absorption (𝑒𝑎,𝑣) is calculated at each 𝑟 − 𝑧 point of the reactor 

according to the integral: 

𝑒𝑎,𝑣 = ∫ 𝜅𝜆(𝑥)
 

𝜆

∙ ∫ 𝐼𝜆,𝛺(𝑥)𝑑𝛺
 

𝛺=4𝜋

𝑑𝜆 
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Details of the RTE and DOM approaches are given in supplementary information section. 

The commissioning of this compact reactor is assessed by revisiting the well-studied Schottky 

junctions, in the form of benchmark TiO2 (P25) containing noble M (Pd, Pt, or Au) NPs for 

validation. Such composites are synthesized via two-step chemical reduction methodology (Fig. 

2, see Experimental section). For each anchored M onto TiO2, three loadings, i.e., 0.5, 1, and 2 

wt. % are implemented, standing for M0.5, M1, and M2, respectively, where M can be: Pd, Pt, or 

Au.  

 
Figure 2. Illustrative scheme of the two-step chemical reduction deposition mechanism: adsorption of the M precursors followed 

by chemical reduction during the anchoring step. 

Elemental analysis performed by inductively coupled plasma atomic emission spectroscopy (ICP-

AES) indicates that the chemical reduction method ensures relatively high deposition yield (Table 

S1), while HRTEM analysis reports a good distribution of controlled size for each M NP systems 

(Fig. 3). The metal deposition yield onto TiO2 ranges from 67 to 81% for all composites. It should 
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be noted that the Au deposition yield (72-80 %), is higher than for Pd (70-74%) and Pt (67-71%), 

however this difference may be considered to be relatively minor, ensuring a reliable comparison 

for the photocatalytic H2 production for each system. 

The HRTEM micrographs in Fig. 1 show the nine Schottky junction composites, three for each 

metal with equivalent loadings, namely Pd0.5, Pd1, Pd2 (a-c), Au0.5, Au1, Au2 (d-f), and Pt0.5, 

Pt1, Pt2 (g-i). These images illustrate the typical grains of TiO2 P25 with particulate diameters 

spanning a few tens of nm. Regarding the metal loadings, Pd, Pt, and Au NPs display a spherical 

morphology although a minor population of cylindrical NPs is also present for Pt. Pd (3.6-4.3 nm) 

and Pt (2.2-2.9 nm) particle size is found to exhibit a monomodal distribution, essentially 

independent of metal loading across the range of loadings prepared in this work (Fig. S2). Au/TiO2 

composites however, present a slight discrepancy in NP size (3.1-5.0 nm), with increasing loading. 

As we increase the loading from 0.5, through 1 and 2 wt.%, we observe an increase in particle size 

from 3.1 nm, through 4.3 nm, and up to 5.0 nm (Table S1). One can conclude that there is a quasi-

linear trend of the Au NPs size by doubling and/or quadrupling its content, while the variance in 

particle size (Table S1) suggests reproducible growth of the Au NPs.  

The Pd/TiO2 binary samples display a relatively lower coverage along their surfaces than Au/TiO2 

homologues, and the distribution is preferentially located in specific regions. The Pd/ (0.5, 1, and 

2 wt.%)/TiO2 materials yield an average size of 4.1, 3.6, and 4.3 nm (Table S1), evidencing that 

the method allows to maintain a narrow range of NPs sizes independently of the M content. 

Compellingly their associated standard deviations have 1.4-1.6 nm (Table 1) values, confirming a 

high degree of dispersity of the NPs sizes, i.e., ranging from 1 to 7 nm, for the three loadings. A 

minor population of NPs (8 and 9 nm) are presented, possibly in charge of the high deviation value 

corroborating also the inhomogeneous coverage. The Pt/TiO2 junctions display a low and 
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inhomogeneous coverage along the TiO2 grains. Pt presents a particularly narrow NP size 

distribution with 2.2, 2.9, and 2.5 nm (Table S1) with the smallest standard deviation ranging from 

0.6 to 1.1 nm. Such average NPs sizes are statistically equivalent, but their low deviation evidences 

the consistency on the NPs size in all the three composites, e.g., 2.2-2.9 nm. Furthermore, one can 

conclude that the chemical reduction method for the junction system is consistent independently 

of the precursor used due to the monomodal particle size distributions for the three metals. 

 
Figure 3. HRTEM images of the 0.5, 1, and 2 Pd/TiO2P25 (a-c), Au/TiO2P25 (d-f), and Pt/TiO2P25 (g-i) 

FT-IR spectroscopy is used to probe the influence of the three anchored Ms onto TiO2 surfaces in 

different loadings. FT-IR spectra of all composites (Pd, Au, and Pt) and reference (bare TiO2) (Fig. 

S3) exhibit the characteristic peaks of TiO2. The major broad absorption band extending from 3000 

to 3600 cm-1 observed in all 10 samples is attributed mainly to the asymmetrical and symmetrical 
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stretching vibration of surface hydroxyl groups (O-H) but also to, a lesser extent, to physisorbed 

water species.[38] A doublet with similar intensity is present at ≈1620 cm-1 and ≈1400 cm-1 for all 

samples. The absorption band located at ≈1620 cm-1 is assigned to the bending vibration of Ti-OH 

distorted by the adsorbed water molecules.[39,40] The absorption band located at ≈1400 cm-1 can 

be related to the accompanied by two weak bands at ≈2920 and 2850 cm-1, due to the vibrational 

modes of organic species.[40] In general, the recorded spectra between the composites and the 

reference do not exhibit significant differences. Nonetheless, a slight shift to lower wavenumber 

after metal loading can be seen and tentatively related to hydroxyl bond weakening due to H-bond 

formation with the metals. Overall, these results suggest that the deposited M NPs do not 

drastically influence the TiO2 lattice.  

X-ray scattering (Fig. S4) of Schottky composites, a pristine TiO2, plus calculated XRS diagrams 

of pure anatase and rutile phase uncover the structural properties of the composites. The 

diffractograms of TiO2 P25 display well-resolved Bragg peaks corresponding to a mixture of 

anatase and rutile,[41] as expected. The scattering from TiO2 particles is not affected by the choice 

of metal nor loading, suggesting that the formation of the M/Schottky junctions does not alter the 

crystal structure of bulk TiO2. This is confirmed by estimating the coherent scattering length for 

the anatase crystallographic phase (101 plane), using the Debye-Scherrer equation. The average 

crystallite size (Table S1) for anatase (10.0-10.6±0.4 nm) does not vary by significant amount, 

while differences due the presence of metal crystallites may not be detected due to the low M 

concentration (according to HRTEM) since the metal NP diameters are not large enough to form 

Bragg peaks from Mo Kα X-rays.  

UV-vis spectra of all samples (Fig. S5) display the typical absorbance maximum in the UV/blue 

range of TiO2, (λabsorption = 386 nm)[42], equivalent to an approximate apparent band gap of 3.2±0.1 
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eV deduced by a Tauc plot. Au/TiO2 composites alone produce a clear maximum centered at ca. 

530 nm,[43,44] attributed to the well documented surface plasmon resonance (SPR) of Au NPs. 

The SPR plasmon intensity correlates with metal loading, while an accompanying redshift in the 

peak maximum. Pt and Pd NPs do not exhibit an SPR in the visible range.  

Surface analysis of the metal NPs was performed using X-ray photoelectron spectroscopy, to 

elucidate metal speciation and probe local chemistry. Survey spectra (Fig. S6) reveal the 

composites to be entirely Ti, O, C and the relevant metal. High-resolution scans of the Pd 3d, Au 

4f and Pt 4f regions indicated an entirely metallic identity for all 9 materials. Pd 3d (Fig. 4a) and 

Au 4f (Fig 4b) scans may be characterised by the presence of single spin-orbit doublet (Pd 3d5/2 + 

Pd 3d3/2 and Au 4f7/2 + Au 4f5/2) of asymmetric character and were fit using modified Voigt-type 

lineshapes modelled from bulk metal standards. Platinum 4f (Fig 4c) also reports a single oxidation 

state of metallic, asymmetric peaks – though deconvolution is somewhat complicated by the 

presence of an energy loss feature from the Ti 3s photoemission. Quantification of the 

photoemission peaks revealed similar trends regarding surface:bulk ratios (Fig. S7) – that of a 

general inverse proportionality typical of nanoparticles on a surface. 

UPS spectra (Fig. S8) allow determination of both valence band maximum (VBM) and work 

function (WF, Fig. 4e), whilst knowledge of the material band gap (deduced by Tauc plot) makes 

possible the calculation of the conduction band minimum (CBM), providing an energy band 

alignment diagram (Fig. 4d) including the oxidation-reduction potentials extracted from the 

Pourbaix diagram.[45] TiO2 is not influenced optically nor structurally by anchoring of the M 

clusters. The resulting band gap indicates this clearly since all composites exhibit 3.2±0.1 eV value 

(Fig. S5). The first trend found is the significant VBM difference (0.23 eV) between pristine (-

3.48 eV) and reduced TiO2 (-3.25 eV), presumably due to the loss of surface hydroxyls and oxygen 
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vacancies after treatment with NaBH4 in excess coupled with the sonication process. For all of the 

M/TiO2 composites a concomitant increase in the VBM/CBM edge with loading is observed, 

following the same argument of hydroxyl loss due to anchorage. The only exception to this trend 

is Au0.5 though this can be attributed to the less homogeneous Au nanoparticulate structural 

parameters, known to impart complex influence upon electronic properties.[46] In all cases, the 

inclusion of M NPs into the TiO2 SC markedly enhances the VBM/CBM levels, confirming the 

M/SC interface.[47] Moreover, the resulting SC band edges can be evaluated against water redox 

potentials – all samples in principle can undergo the water oxidation, though photo reduction may 

be easier for the samples with higher M loading (2wt%) since these have higher VBMs relative to 

H+/H2 potential values compared to the low M loading samples. However, provided the M/SC 

interface junction is formed, some additional charge carrier pathways can exist and contribute to 

surpassing the overpotentials (Schottky barrier) and promote HER. This can be through an electron 

pump from the CB of the SC to the M NP or via hot electron injection from the SPR active Au NP 

to the TiO2 CB.[48] The WF results (Fig. 4e) are firstly compared to the theoretical values of TiO2 

(4.6-4.7 eV), Au (5.10-5.47 eV), Pd (5.22-5.60 eV), and Pt (5.12-5.93 eV)[49,50] given the classic 

efficacy stated in the volcano plot Pt>Pd>>Au. The WF-value recorded for Pd and Pt are 

comparable to the theoretical values, while the one for Au is marginally higher than expected; 

potentially the result of differences in strong metal-support interaction between the Au NPs and 

the TiO2 support.[51] In the case of unmodified TiO2, the WF values are 0.6-0.7 eV higher than 

those determined theoretically. However, the relative difference between the samples implies a 

stability of the overall electronic configuration during the reduction process. The Au WF values 

are above those for the Pt and Pd junctions. However, in general, the differences (0.1 eV) between 

the different M loadings are small, pointing to an overall electronic stability. 
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Figure 4. XPS spectra a) Pd 3d b) Pt 4f and c) Au 4f d) Band alignment diagram by coupling UPS and UV-vis e) Experimental 

work function of the 0.5, 1 and 2 wt.% (Pd, Pt, and Au)/TiO2 composites.  

The (Pd, Pt, and Au)/TiO2 junctions result to be photoactive and their H2 production follows the 

reactivity sequence of the noble metals: Pd>Pt>>Au, despite the metal loading.  

Table 1. Summary of the data obtained from the cumulative HER, normalized H2 formation rate, and quantum yield (Q.Y.) 

percent deducted from the photonic profile. 

Sample HER HER Q.Y. 

μmol h-1 mmol h-1 gcat
-1 % 

Pd0.5 14174 7.5 7.3 

Pd1 18993 10.2 9.9 

Pd2 24505 12.6 12.3 

Pt0.5 8467 4.2 4.1 

Pt1 16316 8.1 7.9 

Pt2 21075 10.4 10.1 

Au0.5 3478 1.8 1.6 

Au1 9732 4.9 3.4 

Au2 13096 6.6 3.2 

Fig. 5a-c and table 1 shows the cumulative evolution of H2 for all 9 composites. In all cases 

activity scales with M loading, with diminishing returns as loadings reaches 2%. These results 

demonstrate that the M identity plays a key role, though noteworthy is the determination that Pd 

NPs enhance the H2 production process more than either Au or Pt – previously only observed for 
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single atom catalysts.[52] Hence, one can conclude that the intimate contact interface of the M and 

TiO2, defined by the type of deposition, drives an efficient internal electronic communication via 

simple or numerous charge carrier pathways between the two moieties that ultimately leads to 

excellent, good or average photo activity.  

By normalizing the H2 results (Fig. 5b, table 1) with the mass of catalyst, the same trend as for 

the cumulative H2 is observed for all samples, as expected. 2 wt.%Pd exhibits the highest HER 

rate, ca. 12.6 mmol gcat
-1 h-1. In general, for all the Schottky junctions the normalized H2 

photoproduction rates are slightly higher compared with reported literature,[52–58] confirming 

that under comparable experimental conditions, the use of this compact reactor enhances the HER 

efficacy of the studied benchmark materials.  

By comparing the cumulative HER curves (Fig. 5c, table 1) of only the higher M loadings, the 

Pd-loaded systems emerge as the most efficient, resulting in a production of 608 mL of H2 in 3h, 

which (assuming a good stability over time) extrapolated temporally would produce 1L of H2 after 

2 continuous days. Contrastingly, for the Au junction, four days would be required to produce the 

same amount of H2.  
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Figure 5. a) Cumulative evolution of hydrogen with 30 vol% of methanol under solar light (15.5 mW cm-2) for the 0.5, 1 and 2 

wt.% (Pd, Pt, and Au)/TiO2 Schottky junctions b) Mean hydrogen formation rate per hour per mass c) Cumulative evolution of 

hydrogen of 2 wt.% (Pd, Pt, and Au)/TiO2 composites with their equivalent liquid hydrogen production.  

Table 2 contains a comparison of semi-equivalent Schottky systems from literature, tested in 

different reactors to contextualize the H2 photoproduction results of this study. The M-based 

composites are also anchored in TiO2, not necessarily P25 but anatase, rutile, brookite, or a 

combination of the mentioned. Here we focus on two efficiency factors, ca. HER production and 

Q.Y. per support (TiO2). Material modification and reactor conditions are described in order to 

somewhat contextualize the provided data. The (Pd, Pt, Au)/TiO2 Schottky junctions exhibit H2 

production rates slightly higher than previous studies, with quantum yields almost 2-fold higher 

than reported studies. These results demonstrate that the proposed novel geometry of the 
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photoreactor improves the overall photonic, heat, and mass profiles, lowering the contributions 

due to loss processes. 

Table 2. Comparison of photocatalytic efficiency for the TiO2-based materials tested at similar reactor experimental conditions. 

Efficiency TiO2 material Reactor conditions Ref. 

HER 

mmol 

h-1 gcat
-1 

Q.Y. M % Method S. 

Agent 

% Lamp Time 

h 

12.3 12.3 Pd 2 

- MeOH 30 500 W 3 Ours 10.1 10.1 Pt 2 

3.2 3.2 Au 2 

0.7 

N.r. 

Pd 

1 - MeOH 

 

50 N.r. 5 [52] 2.2 Pt 

0.5 Au 

1.5 0.1 Au 0.3 Calcined TEOA 1 150 W 2.5 [53] 

3.0 

1.7 Pd 1 Nb-

doping, 

drying, 

calcined 

MeOH 30 500 W 3 [55] 
2.0 Pt 1 

2.4 N.r. Au 1 Calcined MeOH 50 7.2 W 3 [56] 

1.8 1.0 Pt 0.5 Calcined MeOH 30 500 W 3 [57] 

0.06 N.r. Au 1 - MeOH 50 1000 W 4 [58] 

The local photonic absorption profiles (Fig. 6a) for the 2% samples reveal that Pt and Pd have a 

similar light absorption to that of TiO2 P25, as expected and confirmed by the comparable UV-vis 

spectra. The 2%Au/TiO2 however, increases its light absorption, essentially in front of the quartz 

window, enhancing capture efficacy of incoming photons compared with its Pd and Pt analogues. 

It is noteworthy to mention, that although the photons are the source of activation for the SC, this 

does not necessarily mean that all the absorbed photons will end up in useful excitons and from 

there separate charge-carriers that can transform the reacting molecules. To associate the photonic 

model implementation and the chemical conversion (H2 photoproduction rate) the quantum yield 

is determined (Fig. 6b). The series of junctions follow the quantum yield (QY) sequence of the 

noble metals: Pd>Pt>>Au, in a linear trend with cumulative reactivity. Interestingly, the obtained 
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QYs are notably higher compared with reported results[52–58] (at least double), verifying that for 

similar experimental conditions, the compact photoreactor enhances the mass/heat transport 

phenomena and exposure to light. Such enhancement favored transport-limited processes, 

resulting in a controlled assessment of the activity performance. In general, QY is found to be 

intrinsically related to metal content – with the exception of Au 2% (potentially due to diminishing 

enhancements from larger particle sizes). These results demonstrates that light absorption (density 

of absorbed photons) is not the only parameter influencing the material’s activity[53] and that 

charge generation/separation/transport plays a key role. In addition, one cannot discount that 

accessibility to the active sites also dictates the efficiency of surface reactions. Therefore, this 

result paves the way to further questions regarding the quality of the interface between the Au NP 

and their support. To this end, energy electron low spectroscopy (EELS, Fig. 6c) is carried out to 

better understand the mode/interaction present on a single Au NP and its support. The plasmon 

energy value is known to drastically depends on the electromagnetic environment of the NP that 

subtends it.[59] One single NP deposited on a substrate (TiO2) is likely to exhibit dual energy 

modes: a plasmon mode localized at the substrate vicinity (evidencing the M/SC interface 

formation), another a plasmon mode localized at the vacuum interface. Eventually the mode 

localized at the vacuum NP interface (2.43±0.01 eV) is at a lower energy than the substrate contact 

mode (2.17±0.02 eV), resulting in a redshift. Consequently the low energy mode is likely to 

increase with the increase in contact area, assuming homogeneous spherical NPs. The same trend 

is found in two isolated Au NPs for the 1%Au/TiO2 sample (Fig. S9) that unexpectedly exhibit the 

same quantum yield as the 2% Au junction. Both Au NPs of 7.11 and 5.20 nm size display 

ΔPlasmon of (0.15 and 0.11) ±0.02 eV, which are (0.10 and 0.14) ±0.02 eV lower than the results 

for the 1%Au composite. This suggests that the Au NP -TiO2 interface mode is of better quality in 
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the 1%Au sample (of higher contact area) including a plasmon with a more pronounced oscillation. 

Such active surface plasmons can enhance two possible mechanisms either the intensification of 

the electromagnetic field towards the interior of the SC or the hot electron injection from the Au 

NP structure (visible photon capacity) to the conduction band of TiO2 (UV photon 

limited).[31,43,60] 

 
Figure 6. a) Local volumetric rate of photon absorption (Einstein cm−3 s−1) of the catalytic suspension obtained for samples Pt2, 

Pd2 and Au2 and TiO2 P25 reference. Local 2D photonic profile obtained for each r and z position b) Quantum yield results of all 

the composites c) EELS analysis on a 4.56 nm Au NP exhibiting its plasmon energy and modes on the 1%Au/TiO2 junction d) 

Proposed mechanism for the M/TiO2 junction including their charge electron-hole pathways and associated reactions 

Figure 6d proposes an illustrative generalist mechanism of a punctual Schottky M/TiO2 junction. 

The first step is the activation of the SC, after it is irradiated with a photon of equal or higher 

energy than its band gap, to form the exciton[6] (positive hole (h+) in the valence band and an 

excited electron (e-) in the conduction band, equation 1). Methanol is known to act as sacrificial 

agent or hole scavenger.[61,62] It oxidizes when subtracting the h+ of the TiO2 valence band 

resulting in a hydroxymethyl species and a proton (H+)[63,64] (equation 2). There may also be 

another contribution of H+ formation from the aqueous medium, driving the photo-oxidation of 
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water in the presence of 2 h+ given oxygen and H+ (equation 3). Then the available H+ in the 

presence of a single e- from the TiO2 CB drives the photo-reduction resulting in the desirable H2 

(equation 4). 

TiO2 + hv → eCB
- + hVB

+ (exciton formation) (1) 

CH3OH + hVB
+ → CH2OH + H+ (MeOH photo-oxidation) (2) 

H2O + 2hVB
+ → ½O2 + 2H+ (Water photo-oxidation) (3) 

eCB
- + H+ → ½H2 (proton photo-reduction) (4) 

3. Conclusions 

In summary, we have developed a new compact reactor dedicated to HER under standard 

experimental conditions that has been evaluated using Schottky (Pd, Pt, Au)/TiO2 (as well-

established materials in photocatalysis). H2 photoproduction rates and quantum yields are almost 

one- and two-fold higher than literature average values, respectively, putting into evidence that the 

geometry and configuration setup brings the system one step closer to the ideal heat/mass/photonic 

profile, with low losses. The Schottky composites allow building novel structure-activity 

correlations. Insightful evidence is shown for the Au plasmon by coupling HRTEM, EELS, and 

UV-vis for the first time in literature, to the best of our knowledge. We stress two major 

conclusions: (A) the need for further development of compact and portable reactors to allow in-

situ testing and coupling with key techniques such as TEM, XAS, XRD, among others and (B) the 

reporting of homogeneous criteria (IUPAC) for the accurate comparison of efficiencies across 

different studies and groups. We propose the use of this new photoreactor as a benchmark to foster 

further progress in process and chemical engineering, accelerate the TRL, and as a strategy to 

overcome current limitations in scaling up photocatalysis. 

4. Experimental section 

a. Chemicals 

AEROXIDE ® titanium dioxide P25 (TiO2, 99%, Evonik Industries), Palladium (II) nitrate hydrate 
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(N2O6Pd*xH2O, ≥99.9%, Sigma Aldrich), Hexachloroplatinic acid hexahydrate (H2PtCl6*6H2O, 

≥37.5% Pt basis, Sigma Aldrich), Chloroauric acid trihydrate (HAuCl4*3H2O, ≥99.995% trace 

metal basis, Sigma Aldrich), sodium borohydride (≥98%, Sigma Aldrich), methanol (CH3OH, 

≥99.6%, Sigma Aldrich), ethanol (CH3CH2OH, ≥96%, Sigma Aldrich) were used without further 

purification.  

b. Synthesis: noble metals anchoring onto TiO2 

(Pd, Pt, Au)/TiO2 P25 samples were prepared by chemical reduction of the three different listed 

metal precursors.[65] The TiO2 P25 support (350 mg) without further purification nor modification 

was dispersed in a methanol/ethanol mixture (91/9 v/v, 55 mL) with a sonicator bath (120 W, 45 

kHz) for 30 min, using 50% of the maximum sonication power. A calculated volume of a 

methanol/ethanol solution of the listed metal precursors solutions (15 mmol L-1) was added to 

achieve the chosen loadings, i.e., 0.5, 1, and 2 wt.%. Suspensions were sonicated for 5 min, 

whereupon 5 mL of a fresh methanol/ethanol solution of NaBH4 (10 mole fold higher than the 

initial precursor concentration) was added to guarantee full reduction of the cation metal. 

c. Materials characterization 

High-resolution transmission electron microscopy (HRTEM), TEM observations on individual 

deposited nanoparticles were performed on a JEOL1400 microscope operating at 80 kV. Samples 

were prepared according to a previously reported method.[66] Dilute aliquots of M/TiO2 were 

prepared at 1 mg L-1 in ethanol. A drop of this mixture was deposited on a copper grid coated with 

carbon layer and dried at room temperature. The morphological parameters were measured over 

200 individual particles using Fiji software. 
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Elemental analyses of the Schottky junctions were performed using ICP-AES. The limit of 

detection of the instrument was 0.1-0.2 mg L-1 for the chosen metals. Quantitative analysis of the 

noble metal component of the M/TiO2 composites allowed the calculation of deposition yield 

which ais defined as the ratio between the actual deposited mass of the specific metal (deduced 

from ICP-AES analysis) and the mass of metal introduced during the deposition step (Table S1). 

X-ray scattering (XRS) measurements were carried out on a Mo rotating anode generator (Rigaku 

Corp., Japan) equipped with a multilayer mirror (Osmic) delivering a monochromatic beam with 

incident wavelength λMo,Kα = 0.711 Å. Two-dimensional XRS patterns were collected on a 

MAR345 image plate detector (marXperts GmbH, Germany, pixel size = 150 µm) placed at a 

distance of 150 mm from the samples. Powder samples were filled into borosilicate capillary tubes 

(WJM-Glas/Müller GmbH, DE) that were mounted on a goniometer head. Typical exposure time 

was 900 s. Scattered intensity I as a function of the scattering vector modulus Q (Q = 4π/λ sin(θ) 

where 2θ is the scattering angle) is obtained by angular integration over the 2D scattering patterns 

using homemade software. The Scherrer equation was used for the determination of the average 

crystallite size of the nanoparticles onto the support: 

𝐿 = 𝐾𝜆 𝛽 cos 𝜃⁄  

with λ the incident wavelength and β the Full Width at Half the Maximum of the X-ray scattering 

peak (in radians) at a Bragg angle q. K is defined as the shape factor and is taken to be 0.9 for 

spherical-like particles. 

Fourier-transform infrared spectroscopy. FTIR spectra were recorded on dry sample powders 

using a Nicolet iS50 (Thermo Scientific) spectrometer equipped with a KBr beam splitter and a 

DTGS/KBr detector. The transmission measurement in the range 4000−800 cm−1 was performed 
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by averaging 200 scans at a resolution of 4 cm−1. Transparent pressed pellets were prepared by 

mixing about 1.5 mg of dry powder sample with 150 mg of transparent KBr, to guarantee 1 wt. % 

of sample inside the final pellet. 

Diffuse Reflectance UV-Vis Spectroscopy (DRUVS) was recorded on a Varian Cary 5E 

spectrophotometer from 300 to 650 nm. DRUVS spectra were converted into Kubelka-Munk units 

according to F(R)= (1-Rd)
2/2Rd, where Rd= Rsample/RBaSO4, (BaSO4 as the standard). For band gap 

calculation, a Tauc plot was used and considering TiO2 as indirect SC. 

XPS analysis was performed using a Kratos Axis SUPRA XPS fitted with a monochromated Al 

Kα X-ray source (1486.7 eV), a spherical sector analyzer and 3 multichannel resistive plate, 128 

channel delay line detectors. All data was recorded at 150 W and a spot size of 700 x 300 µm. 

Survey scans were recorded at a pass energy of 160 eV, and high-resolution scans recorded at a 

pass energy of 20 eV. Electronic charge neutralization was achieved using a low energy electron 

flood gun. Filament current = 0.27 A, charge balance = 3.3 V, filament bias = 3.8 V. All sample 

data was recorded at a pressure below 10-8 Torr and a room temperature of 294 K. Data was 

analyzed using CasaXPS (v2.3.19PR1.0). The energy shift due to electrostatic charging was 

subtracted using the carbon adventitious signal, i.e., the C 1s peak located at 284.8 eV. Peaks were 

fit with a Shirley background prior to component analysis with the appropriate experimental 

sensitivity factors of the normalized photo ionization with modified Wagner factors.[67] 

UPS analysis was performed using a Thermo NEXSA spectrometer fitted with a He (I) and He (II) 

lamp and dual neutralization flood gun. Such setup was equipped with a CLAM4 (MCD) 

hemispherical electron analyzer. Samples were drop cast from isopropanol onto copper foils prior 

to analysis. Spectra were recorded using a pass energy of 5 eV, a positive bias of 30 V to avoid 
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interference of the spectrometer threshold, a current of 50 mA and an energy step size of 0.1 eV. 

Plasmon properties of Au NP@TiO2 were studied by electron energy loss spectroscopy (EELS) in 

a modified NION monochromated Cs-corrected HERMES200 Scanning Transmission Electron 

Microscope (STEM) fitted with a MerlinEM direct electron detector (Quantum DETECTORS). In 

this work, the experiments were performed at 60 kV, at a condenser convergent semi angle of 10 

mrad with a typical EELS energy resolution (FWHM of ZLP) of 20 meV. 

d. Photocatalytic tests 

The photocatalytic activities of the (Pd, Pt, Au)/TiO2 P25 Schottky junctions were evaluated 

against H2 evolution reaction (HER) from methanolic aqueous solution (30% v/v) as sacrificial 

agent in a newly compact photoreactor setup (Fig. 1). H2 production was performed in a compact 

stainless-steel photoreactor with 40 cm3 and 65 cm2 of volume and area, respectively using a quartz 

fused window (loss light intensity ≤5%) of 50 x 3 mm diameter and thickness containing 12 mL 

of methanol and 28 mL of Mili-Q deionized water. The 500 W Hg arc lamp from LOT Design 

(15.5 mW cm-2, Fig. S10) was linked with a water filter circulating continuous tap water of 70 cm 

length allowing to pass 250-1000 nm to reduced unwanted heat increased and avoid thermal 

catalytic effect. The irradiance of such lamp was measured with a spectroradiometer (ILT950-UV-

NIR, International Light Technologies). Prior to any experiment, residual oxygen was removed by 

nitrogen flushing. The photocatalytic tests were performed by suspending 40 mg of catalyst in 

30% v/v of methanolic aqueous solution under continuous nitrogen flow at 60 mL min-1 and with 

mechanical stirring at 400 rpm. The reaction products were automated quantified online every 120 

s by a μGC (990 model, Agilent) equipped with a thermal conductivity detector. The channel for 

H2 quantification was using nitrogen as carrier gas flushing into a molecular sieve 5A SS (10m x 
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0.25mm x 30 μm). The injection system contained a pre-column and a backflush system for 

filtering undesirable humidity and separate more accurately the interest product while protecting 

the columns lifetime. A calibration curve was done using two Air Liquide gas standards with 1 

and 99.9% concentration of H2. 

e. Photonic profile description and quantum yield calculations 

The photonic profile methodology is described in detail in the Support information (S1, Fig. S1). 

The quantum efficiency for all samples is obtained from the local volumetric rate of photon 

absorption calculated within the photonic model. The quantum yield is calculated as following: 

𝜂𝑞(%) = 100 ×
2 × 𝑟 (mol m−3s−1)

< 𝑒𝑎,𝑣 >  (Einstein m−3s−1)
 

This equation considers two electrons transfer to reduce two protons into one H2 molecule. 
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