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Abstract 

The use of solar energy to activate chemical pathways in a sustainable manner drives the development 
in photocatalysis. While catalyst optimisation is a major theme in this pursuit, the development of 
novel photocatalytic reactors to enhance productivity is also imperative. In this work we combine, for 
the first time, microstructured optical fibre technology with photocatalysis, creating a photocatalytic 
microreactor coated with TiO2, decorated with palladium nanoparticles. In doing so, we create a 
system capable of effectively combining photons, liquids and gases within a monolithic, highly 
confined, transparent silica geometry. We utilise a range of characterisation techniques to selectively 
focus on the photocatalyst, that resides exclusively within the internal capillaries of this system. In 
doing so we validate our design approach, and demonstrate the ability to simultaneously control both 
nanoparticle size and metal content. Further, we justify our unique design, showing its activity in 
photocatalytic hydrogen generation from water. In doing so highlighting the importance in developing 
light propagation properties from optical fibres, and the significant potential of this technology in the 
expansive photocatalysis landscape.  
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Introduction 

Establishing the 21st century as the first environmentally conscious era in human history, brings 
significant challenges for science and technology.(1,2) As a society we are aware of our devastating 
environmental impact. Therefore the demand for economically feasible solutions to renewable 
energy, elimination of greenhouse gases and sustainable chemical production is now extremely 
urgent.(3) Catalysis will always be at the forefront of sustainable innovation, as improved rates of 
chemical production, under less intensive conditions, bring both economic and environmental 
benefits.(4) Most processes require heat to initiate the catalytic cycle, though many are now taking 
inspiration from the natural world, utilising solar power for the generation of chemical energy.(5,6) This 
has seen interest grow in hydrogen generation from photocatalytic water splitting.(7-10) A common 



vision for the future sees CO2 reduction as a significant contributor to chemical and fuel 
production.(11,12) Thus, a sustainable source of hydrogen is needed before widespread CO2 reduction 
can be sustainable.  

Photochemical hydrogen generation from water has been studied by many groups, leading to a 
plethora of catalytic systems,(7-10,13,14) for both direct (water forms hydrogen and oxygen without 
additives) and indirect (using a sacrificial reagent) water splitting.  Despite many developments in this 
field, titania (TiO2) is still heavily utilised, due to its availability, low cost and high activity.(7-10) The band 
gap of TiO2 (3.6 eV) means it is well suited to applications with UV light, though is less effective with 
visible light. TiO2 can be modified to increase activity, commonly by introducing dopant atoms, either 
bringing reagents closer to the active site, or altering the rate-determining step, increasing 
reactivity.(15) In photocatalysis, dopants also create multiple p-n junctions,(16) increasing photon 
efficiency, or increasing the range of active light.(17) When screening a range of dopants on TiO2, 
Bowker et al showed that Pd nanoparticles significantly improved hydrogen yields for photocatalytic 
water splitting, as they expanded the range of light that could be used.(18) Further, it was demonstrated 
that suspending the catalyst above the alcoholic water solution, not in contact with the liquid, 
enhanced the activity,(19) emphasising the need for careful reactor design in photochemical processes. 

The boom in optical fibre technology has played a major role in telecommunications, data storage and 
networking.(20,21) Variations in cladding and the range of fibre motifs, can prompt many distinct optical 
phenomena.(22,23) Ultimately these variables led to these waveguides having unprecedented control 
of light propagation, amplification and emission. Optical fibre technology has started to play an active 
role in photocatalysis, as their control of light makes them uniquely suited as photon delivery systems. 
An example of this from Denny et al, shows how two distinct optical fibre types were contrasted to 
create an effective light source within a photoreactor, for the degradation of oxalic acid using glass 
beads coated with TiO2.(24) Another strategy from Maroto-Valer et al utilises a monolith coated with 
photocatalytic species, which is subsequently threaded with optical fibres, allowing light to refract 
onto the coated monolith channels. In doing so it was possible to introduce dopants onto the 
monolith, enhancing CO2 reduction, achieving orders of magnitude improvements in quantum 
efficiency over a conventional slurry batch annular reactor.(25)  

More recently, microstructured optical fibre canes (MOFCs) have been developed as high pressure 
microfluidic reactors, where each cane houses multiple capillaries running the length of the cane.(26) 
Modifications are possible during the fabrication (drawing) procedure, including utilising doped silica 
species, to vary the composition of the cane,(27) though these are limited due to the extreme 
conditions used in a pull; however post-synthesis options are available. Chemical Vapour Deposition 
(CVD) has been shown to coat the interior of these canes, giving them catalytic potential, but this 
requires high pressures and unstable reagents such as metal hydrides.(28) In this work we discuss our 
unique design methodology for transforming MOFCs into photocatalytic microreactors. This multi-
step procedure utilises the improved internal surface area, and capillary shape of the MOFCs to 
selectively coat the internal capillaries with TiO2, doped with palladium nanoparticles. This new 
technology allows the coated canes then simultaneously serve as both host and catalyst for the 
continuous indirect water splitting to yield hydrogen, with methanol as a sacrificial reagent. Photons, 
gases and fluids are thus confined within a highly scalable, thermomechanically robust, optically 
transparent silica monolith microreactor. This work establishes our novel design procedure, serving 
as proof-of-concept, to establish a range of wider studies on this theme, leading to unique catalytic 
applications and development of new characterisation protocols to understand such species.  

 



Experimental 

Cane deposition 

MOFCs 10 cm in length were first coated using a suspension of 1 wt% commercial P25 TiO2 
nanopowder (Sigma-Aldrich) in water. The canes were then filled with the suspension using at a rate 
of 5 cm/min using a syringe pump. The suspension was then removed by forcing air through the 
system, again using a syringe pump, at a speed of 3 cm/min. This procedure was then repeated from 
the other end of the cane to achieve an even coating. The sample was subsequently dried overnight 
at 70 oC, and then heated in an air atmosphere at 400 oC for 4 hrs, at a ramp rate of 5 oC/min. These 
systems are labelled as TiO2/MOFC.  

Pd nanoparticles were then deposited onto the fibre using a colloidal surfactant procedure.(29) 0.38 
mL of an aqueous 10.6 mg/mL K2PdCl4 solution and 0.20 mL of an aqueous 6.50 mg/mL 
polyvinylpyrollidone (PVP) solution were added together in 80 mL of methanol. The system was stirred 
for 10 minutes when 0.51 mL of an aqueous 0.1 M NaBH4 solution was added dropwise. This gave a 
final Pd concentration of 0.05 mg/mL. Two other 80 mL solutions were also used where the quantities 
of the K2PdCl4, NaBH4 and PVP were increased by a factor of 3 or 9, to give final Pd concentrations of 
0.15 and 0.45 mg/mL. The system was left to stir for 2 hours, before the TiO2/MOFC canes were added 
and left to stir for 1, 3 or 18 hours. The final systems were labelled as: X-Pd-Y/TiO2/MOFC where X 
represents the concentration of the Pd nanoparticle solution (either 0.05, 0.15 or 0.45 mg/mL) and Y 
represents the deposition time (either 1, 3 or 18 hrs). The systems were then dried at 70 oC overnight 
and were then ready for use.  

 

Computerised Tomography 

Computerised tomography (CT) images were collected at the μ-Vis imaging centre at the University of 
Southampton. Images were acquired on the Zeiss 160 kVp Versa 510 system. X-ray tomographic 
imaging was performed using a Zeiss Xradia Versa 510 system. Scans were performed at three 
different resolutions, with an energy of 50 kVp and current of 80 µA. 1601 projections were captured 
for each scan.  No filtration was used on the beam, and the source to object distance was 10.02 mm, 
and the object to detector distance was 6.04 mm. The scan performed at 4x magnification yielded a 
resolution of 2.084 µm per voxel, with an exposure time of 2 seconds. Subsequent scans were 
performed at 20x and 40x magnification, with respective exposure times of 15 and 25 seconds per 
projection. The voxel resolution of the 20x scan was 830 nm, and the 40x scan 420 nm. 

 

Microfocus X-ray Absorption Spectroscopy 

Microfocus X-ray absorption spectroscopy was performed at I18 at the Diamond Light Source, Didcot, 
UK via standard access proposal SP17819. Fluorescence maps were used to identify titania rich areas, 
scanning an area 400 μm x 400 μm. XANES (X-ray Absorption near Edge Spectroscopy) of TiO2 rich 
areas were then collected from 4.9 to 5.2 keV. X-ray diffraction patterns were collected at 17 keV.  

 

Results and Discussion 

Cane production 



A Kagome lattice cane(30) was chosen as the tessellated hexagonal and triangular channels will provide 
different sites for catalyst deposition, allowing us to contrast their behaviour, aiding future designs. 
The integrity of the 1/8” in diameter silica canes was confirmed using microscopy images post-
production (Figure 1). This showed the intended Kagome lattice structure, tessellated with triangles 
and hexagons, the latter with a diameter of around 240 μm. The produced canes were a metre in 
length, though cut down to 10-15 cm for the purposes of this work. 

  

Figure 1: Images showing A) the presence of multiple hexagonal and triagonal capillaries in a Kagome 
lattice and B) the light propagation of these canes. 

 

TiO2 coating 

Inductively coupled plasma (ICP) data of the P25 TiO2 coated cane shows titanium makes only a tiny 
contribution of the total system (< 0.1 wt%), as such conventional characterisation methods can only 
provide limited information. Initial microscopy images show a build-up of powder in the triangular 
capillaries, which will allow photons, gases and fluids to simultaneously interact within these channels. 
This was confirmed using computerised tomography. 2D image stacks show that TiO2 was primarily 
deposited in the triangular faces, with minimal deposition in the hexagonal channels. A video showing 
the variation in the xy plane moving down the length of the cane (z-axis) also confirms this with spots 
of TiO2 appearing, again mainly in the triangular corners. The 3D reconstruction (Figure 2) highlights 
the surface roughness and deposits of bright TiO2 spots in the triangular sections also, with the 
hexagonal channels comparatively empty. The reconstruction shows the lack of uniformity in the 
coating process, with scope for improvements to achieve a more consistent coating.  

1/8”

A B



 

Figure 2: Computerised tomography of a section of TiO2/MOFC with resolution of 830 nm, collected 
at an energy of 50 kVp and a current of 80 μA, showing build-up of TiO2 (light blue particles) in the 
triangular channels.  

 

  

Figure 3: X-ray fluorescence maps collected at I18 Diamond light source, at an incidence energy of A) 
9.05 keV showing the Kagome lattice structure of the fused silica canes, and B) 4.50 keV to highlight 
the Ti rich areas where P25 TiO2 has been deposited. 

  

The deposited TiO2 was analysed using microfocus X-ray absorption spectroscopy for both X-ray 
diffraction and XANES measurements on the TiO2 region. Initially a fluorescence map, collected at 9.05 
keV incidence energy (Figure 3A), clearly shows the Kagome lattice. From this, two sites were chosen 
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to contrast the bare cane (hexagonal wall, site 1) and a TiO2 rich area (triangular wall, site 2). The 
energy-scanned fluorescence spectra of site 1 (shown in Figure S4), on the wall of a hexagonal channel, 
shows very little features apart from the refracted incidence energy at 9.05 keV. This agrees with the 
original microscopy and CT images (Figures 1 & 2), suggesting there is little deposition in the hexagonal 
channels. A smaller feature is seen at around 3 keV, which is attributed to argon from the air. 
Collecting analogous measurements on site 2 also shows the signal at 9.05 keV, however features at 
4.50 and 4.93 keV are also noticeable (Figure S4), which are attributed to the Ti Kα1/Kα2 and Ti Kβ 
transitions respectively. This therefore confirms significant amounts of Ti (TiO2) are present in this 
region. Collecting a fluorescence map for the same region at 4.50 keV (Figure 3B) highlights the areas 
rich in titania, again showing it is preferentially deposited in the triangular corners, with minimal 
deposition in the hexagonal channels. This is likely due to the smaller angles in these channels helping 
to trap and deposit TiO2. 

X-ray diffraction measurements of site 2 (Figure 4A) show a mixture of anatase (A) and rutile (R) 
phases, in good agreement with published data on P25 TiO2.(31) There is significant noise below 20 o, 
attributed to the interference and influence of the silica canes. The proportion of the different phases 
confirms that both structural phases in P25 are maintained.  

 
Figure 4: Taken from site 2 in Figure 3, showing A) X-ray diffraction pattern collected at 17 keV, from 
site 2 (Ti rich) showing both anatase and rutile phases, and B) XANES data showing a typical P25 TiO2 
spectra. 

Ti XANES spectra of site 2 (Figure 4B) is also in excellent agreement with published data, showing pre-
edge features (P1, P2 and P3) at 4968, 4971 and 4974 eV respectively.(32) These features correspond to 
dipole-forbidden transitions from 1s to the 3d-4p hybrid orbital, t2g and eg respectively, confirming the 
octahedral and oxidic nature of the titanium. This region is typically convoluted by the rutile and 
anatase phases present, with the anatase features being more prominent, despite only comprising 15 
% of the titania. In the main edge region we observe three spectral features; S1, S2 and S3 (4979, 4986 
and 4995 eV). S1 corresponds to the shakedown process, whereas S2 and S3 represent the transitions 
from the 1s to the out-of-plane 4pz and in-plane 4px,y orbitals.(31) S1 and S2 are typical of the anatase 
phase, whereas S3 is indicative of the rutile phase, again confirming a combination of phases are still 
present.(31) Despite the low loading of TiO2 in the system we have determined the preferred deposition 
location, and confirmed the biphasic nature of the P25 has been preserved.  

 

Pd nanoparticle deposition 

Polyvinlypyrrolidone (PVP) was used as a surfactant to generate a narrow distribution of Pd 
nanoparticles,(29) for subsequent deposition onto the P25 TiO2, within the coated MOFC. The 
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concentration of the Pd solution was varied from 0.05 to 0.15 and 0.45 mg/mL, with deposition time 
was varying from 1, 3 and 18 hours, to optimise the loading and nanoparticle size in the systems. The 
samples were labelled as X-Pd-Y/TiO2/MOFC where X represents the concentration of the Pd 
nanoparticle solution (either 0.05, 0.15 or 0.45 mg/mL) and Y represents the deposition time either 1, 
3 or 18 hrs).  

ICP analysis (Table S1) shows despite changing the Pd concentration of the solutions, only a subtle 
increase in Pd content for MOFC samples occurs at a constant deposition time of 3 hours. Pd contents 
of 53, 58 and 77 ppm were found from solutions with concentrations of 0.05, 0.15 and 0.45 mg/mL 
respectively. However deposition time has a greater influence on Pd content, as varying the deposition 
time from 1, 3 and 18 hrs for a 0.15 mg/mL Pd solution, results in 48, 58 and 120 ppm of Pd content. 
These findings suggest that the Pd loading of the Pd-doped MOFC systems could be tuned through 
deposition time, to achieve specific metal loadings. These low Pd loadings and ‘bulky’ fused silica 
matrix mean many typical characterisation methods are not feasible for these systems. Preliminary 
UV/Vis data (Figure S5) showed a large feature at 300-400 nm, characteristic of octahedral titanium, 
as expected for rutile and anatase TiO2.(33) However, no features attributed to Pd were seen, therefore, 
we explored the Pd active site using XANES and EXAFS techniques. We compared the MOFC systems 
with pelletized catalysts, with the same metal precursor concentrations and deposited for 18 hours.  

The XANES of the pelletized Pd/TiO2 species align well with the Pd Foil, confirming their metallic nature 
(Figures 5A & S6).(34) Some variations in intensity exist in the features at 24370 and 24390 eV, with the 
pelletized nanoparticle materials showing less defined features. This is likely due to the lack of bulk 
structure, and increased contribution from the PVP surfactant at the nanoparticles surface. As the 
concentration of the precursor solution increase, the intensity of the 24390 eV peak increases relative 
to the 24370 eV peak. This suggests the more concentrated precursor solution forms larger 
nanoparticles, with more bulk structure, more closely resembling the Pd foil. This trend is also seen in 
the |χ(R)| spectra (Figures S7 & S8), as increased precursor concentration increases the peak at 2.5 Å, 
this is also seen as the second shell Pd-Pd signals (4.5 and 5.1 Å) are more intense as the precursor 
concentration increases.  

  

Figure 5: XAS spectra comparing A) pelletised powder samples of Pd/TiO2 with B) analogous 
Pd/TiO2/MOFC systems prepared with equivalent Pd precursor concentrations. Spectra stacked by 0.4 
in μ(E) for clarity. 

 

Table 1: EXAFS fitting parameters for Pd/TiO2 systems in both pellet form and within a MOFC. 

Sample Abs Sc N R / Å 2σ2 / Å2 Ef / eV Rfactor 

Pd Foil Pd-Pd 12a 2.74 (1) 0.005 (2) -6.6 (5) 0.01 



       
0.05-Pd/TiO2/Pellet Pd-C 3.9 (5) 2.03 (1) 0.007 (3) -1.7 (12) 0.03  
 Pd-Pd 5.6 (5) 2.76 (1) 0.010 (2)   
0.15-Pd/TiO2/Pellet Pd-C 2.3 (3) 2.02 (1) 0.006 (1) -2.4 (6) 0.01 
 Pd-Pd 6.4 (3) 2.74 (1) 0.008 (1)   
0.45-Pd/TiO2/Pellet Pd-C 1.0 (1) 2.01 (3) 0.006 (3) -4.7 (4) 0.01 
 Pd-Pd 7.9 (4) 2.74 (1) 0.008 (1)   
       
0.05-Pd-3/TiO2/MOFC Pd-C 2.7 (2) 2.03 (1) 0.007 (4) -7.9 (3) 0.01 
 Pd-Pd 6.2 (1) 2.75 (1) 0.008 (3)   
0.15-Pd-1/TiO2/MOFC Pd-C 1.8 (4) 2.01 (1) 0.007 (4) -7.3 (5) 0.01 
 Pd-Pd 7.8 (3) 2.75 (2) 0.008 (2)   
0.15-Pd-3/TiO2/MOFC Pd-C 1.4 (2) 2.01 (1) 0.001 (2) -7.5 (4) 0.01 
 Pd-Pd 8.0 (1) 2.76 (2) 0.008 (1)   
0.15-Pd-18/TiO2/MOFC Pd-C 1.3 (2) 2.01 (2) 0.005 (2) -7.0 (5) 0.01 
 Pd-Pd 8.0 (1) 2.75 (1) 0.008 (1)   
0.45-Pd-3/TiO2/MOFC Pd-C 0.9 (3) 2.01 (2) 0.002 (3) -7.1 (4) 0.01 
 Pd-Pd 8.7 (3) 2.74 (1) 0.001 (1)   

Fitting parameters: S0
2 = 0.812 (as per Pd foil), 3 < k < 12, 1 < R < 3, 11.2 independent points. a) 

Coordination number of the reference foil was held at 12 to determine the S0
2 value.  

 

Fitting the EXAFS data (Table 1) of the pelletised materials shows a strong Pd-Pd influence in all three 
materials, though a Pd-C path was also required to achieve a reasonable fit. This is attributed to Pd-
PVP interactions on the surface of the nanoparticle, fits were attempted using Pd-N or Pd-O paths, 
instead of Pd-C, though these were unsuccessful. As the precursor concentration increases there is a 
greater proportion of the Pd-Pd path and less from Pd-C. This also agrees that increased precursor 
concentration leads to larger nanoparticles, with a greater proportion of ‘bulk’ Pd and a lower 
contribution from the surface.  

Comparing the EXAFS data of the MOFC samples with the Pd foil (Figures 5B, S9, S10 & S11) also shows 
strong agreement in the XANES region, confirming that palladium in the MOFC samples is primarily in 
the metallic state. Unlike the Pd content (Table S1), the deposition time appears to have little influence 
on the XAS spectra. The three MOFC samples prepared with a 0.15 mg/mL solution, are near identical 
in the XANES and EXAFS region (Figure S12), despite significant differences in metal loading. The 
palladium precursor concentration was found to have minimal effect on the Pd content, though it has 
a notable influence on the EXAFS fitting parameters, primarily the Pd-Pd coordination number, similar 
to the pellets (Figure S13). Increasing the Pd concentration makes the EXAFS and XANES region more 
closely resemble the Pd foil, increasing the Pd-Pd interactions, and reducing the Pd-C interactions 
(Table 1). This is attributed to the formation of larger particles with greater ‘bulk’ contribution. The 
data quality noticeably increases from 0.05-Pd-3/TiO2/MOFC to 0.45-Pd-3/TiO2/MOFC, due to the 
increased Pd content (Table S1). 



  

     

 

Figure 6: TEM images collected at an accelerating voltage of 100 kV, showing the influence of Pd 
solution concentration on Pd nanoparticle size, when deposited for 3 hrs from a crushed powder of A) 
0.05-Pd-3/TiO2/MOFC, B) 0.15-Pd-3/TiO2/MOFC, C) 0.45-Pd-3/TiO2/MOFC and D) the Pd nanoparticle 
size distributions. 

 

The EXAFS and ICP data were complemented with transmission electron microscopy (TEM) images 
(Figures 6 & S14) to probe the size of the Pd nanoparticles in the systems, using a powder of the 
crushed cane. As such the samples are a mixture of fused silica, 21 nm P25 TiO2 and Pd nanoparticles, 
as seen in various images (Figure 6 and S14). High resolution images of the systems were used to probe 
the influence of the Pd concentration and deposition time (Figures 6 and S14) on Pd nanoparticle size. 
Particles of P25 TiO2 are readily observed at sizes of around 21 nm, which are decorated with Pd 
nanoparticles. A range of nanoparticle sizes are visible in the range of 2 – 8 nm across the different 
systems (Figures 6, S14 and S15). Plotting the nanoparticle size distributions (Figure S15) shows that 
the average nanoparticle size doesn’t vary noticeably with deposition time (Figures 6B, S15B and S15C) 
between 1, 3 and 18 hrs (4.9, 4.7 and 4.7 nm respectively) for the 0.15 mg/mL series. The nanoparticles 
created from the 0.05 mg/mL Pd solution gave a smaller average nanoparticle size of 3.6 nm, in good 
agreement with the literature, which suggested this method would form nanoparticles between 2 – 4 
nm.(29) At the highest Pd solution concentration (0.45 mg/mL) we observe a higher proportion of larger 
Pd nanoparticles (Figures 6 and S15F), with an average size of 5.6 nm. Not only does the higher Pd 
concentration promote the formation of larger particles, we also observe clustering of the 
nanoparticles (Figure 6C) in many places, thus they are less isolated, which could influence catalytic 
activity. The polydispersity index (PdI)(35) was calculated for the six systems (Table S2), in all cases the 
values were below 0.1, suggesting the nanoaprticles are monodisperse.(35) We note that the PdI shows 
little variation when concentration is constant, but deposition time varies (0.034, 0.045 and 0.045 for 
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1, 3 and 18 hrs deposition time respectively, at a Pd precursor concentration of 0.15 mg/mL. In 
contrast the PdI significantly increases when the deposition time is constant, but the Pd precursor 
concentration changes (0.038, 0.045 and 0.063 for 0.05, 0.15 and 0.45 mg/mL respectively for a 
deposition time of 3 hrs). This again shows that a greater distribution of nanoparticle size is observed 
at higher Pd concentrations. Calculation of the shape factor (comparing the highest and lowest 
dimensions of each particle, supplementary information, page S5), consistently gives values between 
1.2 and 1.4. This shows the particles are not spherical (circular in our 2D TEM images), however instead 
form ellipsoids. Further information could be achieved through a more in-depth microscopy study, 
however this is beyond the scope of this work. The TEM findings discussed are in good agreement with 
our findings from the Pd-Pd EXAFS distances (Table 1), which also suggest that deposition time had 
limited influence on the palladium nanoparticles size, but Pd concentration of the solution could 
effectively modify the size. 

 

Photocatalytic indirect water splitting  

Methanol was chosen as a sacrificial reagent to aid water splitting for hydrogen generation, for ease 
of comparison with the current literature.(36-38) Though CO2 is produced in this process (CH3OH + H2O 
 3H2 + CO2), the 3:1 stoichiometric ratio of H2:CO2 improves on conventional hydrogen production 
methods. Our design strategy combines the inherent activity of Pd/TiO2, with the excellent light 
propagation properties of optical fibre technology. Therefore MOFC canes were tested with varying 
metal precursor concentrations and deposition times, whilst the volume of hydrogen was measured 
over an 8 hour period. Control reactions, using a non-coated MOFC, produced < 0.001 mL of hydrogen 
after 8 hours, confirming it was inactive. Similarly a TiO2 coated MOFC cane (without Pd deposition) 
was also tested and also produced < 0.005 mL of hydrogen after 8 hours. This confirms that the Pd 
nanoparticles are required to induce meaningful photocatalytic activity.  

  

Figure 7: Photocatalytic data for the generation of hydrogen form methanolic water of the MOFC 
systems, collected at room temperature (25 oC) and pressure (1 atm), measured by GC with a TCD 
detector, comparing hydrogen production with A) deposition time using a 0.15 mg/mL Pd precursor 
solution, and B) extended reaction times, highlighting the longevity of the 0.15-Pd-18/TiO2/MOFC 
system.  

Regardless of other synthetic parameters, systems made with either 0.05 or 0.45 mg/mL of Pd 
precursor solution were comparatively inactive, producing ≤ 0.04 mL of hydrogen after 8 hours 
(Figures S16 & S17), despite possessing similar Pd loadings (Table S1) to the active 0.15 mg/mL series. 
This suggests the Pd nanoparticle size is a key factor. The larger nanoparticles made with a 0.45 mg/mL 
Pd solution (Figures 6C and S15F), have poor activity, likely due to smaller proportion of surface 
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defects, lower metal surface area per particle, and particle clustering (as observed through TEM). 
Conversely, the smaller particles made with a 0.05 mg/mL Pd solution have a larger fraction of Pd-C, 
compared to Pd-Pd, limiting the metallic component of these nanoparticles, making them less 
effective.  

The 0.15 mg/mL Pd concentration produces active nanoparticles for this reaction (Figure 7A), as all 
three 0.15 mg/mL systems outperform the other MOFC samples tested. This is likely due to the correct 
combination of nanoparticle size, Pd content and nanoparticle dispersion. The deposition time 
noticeably influences the systems reactivity, as the 3 and 18 hour samples (0.15-Pd-3/TiO2/MOFC and 
0.15-Pd-18/TiO2/MOFC) outperform the 1 hour sample (0.15-Pd-1/TiO2/MOFC). The comparatively 
poor performance of the 1 hour sample is likely due to the lower Pd content, thus longer deposition 
times are required to optimise these systems. The 3 hour sample (0.15-Pd-3/TiO2/MOFC) shows 
superior hydrogen production over an 8 hour time period (0.21 mL), though plateaus after 6 hours. 
The 18 hour sample (0.15-Pd-18/TiO2/MOFC) produces less hydrogen over this 8 hour period (0.17 
mL), but does so at a constant rate. These two species were tested over an extended 24 hour period 
to explore their lifetime (Figure 7B). The 0.15-Pd-3/TiO2/MOFC species showed no significant 
hydrogen production after 6 hours, suggesting deactivation. However, 0.15-Pd-18/TiO2/MOFC keeps 
reacting at a constant rate, going from 0.17 mL at 8 hours to 0.43 mL after 24 hours. This shows the 
longer deposition time drastically improves the systems lifetime, and productivity over a longer 
period. TEM images of the 0.15-Pd-18/TiO2/MOFC system, both before and after the photocatalytic 
process (Figures S14C and S14D), show a similar average nanoparticle size (Figures S15D and S15E). 
This suggests the nanoparticles have not agglomerated during the reaction, explaining the improved 
lifetime of this system. This shows that this technology, and materials, could be well-suited to initiating 
long-term continuous photocatalytic reactions. 

As such varying the metal precursor concentration and deposition time, can control both the 
nanoparticle size and Pd loading, within these novel photocatalytic microreactor, demonstrating a 
clear effect on the activity and lifetime of the system. The control on catalytic activity shows 
considerable scope for optimising these novel photocatalytic microreactors. Despite the low loading 
of our MOFC systems (< 0.1 wt%), the efficiency of the system (hydrogen produced per hr per gram of 
catalyst, 70.4 mL/hr/gcatalyst) surpassed analogous liquid-phase powdered systems (14 mL/hr/gcatalyst)(19) 
by a factor of 5 (calculation in supporting information, page S17). This is likely due to the utilisation of 
optical fibre technology, serving as an effective, and improved, photon-delivery system, representing 
an advancement in photonic catalysis.  

 

Conclusion 

We have shown, for the first time, microstructured optical fibre canes (MOFCs) can be utilised as hosts 
for photocatalytic entities, thereby forming a photocatalytic microreactor. Given the necessary choice 
of host and the small amounts of photocatalyst present, typical characterisation methods are not 
readily applicable. As such we have used a wide range of characterisation techniques to confirm the 
integrity and deposition of the photocatalyst; Pd/TiO2, onto the fused silica cane. In particular, 
microfocus X-ray absorption spectroscopy, plays a key role in identifying areas of interest, determining 
structural information by means of X-ray diffraction and X-ray absorption spectroscopy on these 
regions. The robust nature of our synthetic strategy shows many synthetic variables are readily 
controlled, and modulated, to tailor the Pd/TiO2/MOFC photocatalytic systems. This offers significant 
scope for optimising photocatalytic performance, and lifetime, of coated MOFC systems towards a 
variety of photocatalytic processes, in this case, hydrogen generation from indirect water splitting. 



We believe the use of optical fibre technology has advantages over analogous powder-based methods, 
with significant potential for the development of new photocatalytic systems, reactors and 
technology, for a wide range of sustainable applications. 
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