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A B S T R A C T   

Scaling up photoelectrochemical (PEC) devices for green hydrogen production is a significant challenge that 
requires robust and cost-effective production methods. In this study, hematite photoelectrodes has been syn-
thesized using a cost-effective polymeric precursor solution, resulting in homogeneous ultra-thin films (~125 
nm) with areas up to 200 cm2. We observed a substantial photocurrent drop as photoelectrode area increases, 
addressed by modifying the precursor solution with Hf4+. This modification improves the morphology and films 
adherence, leading to simultaneous grain|grain interface segregation and a modified FTO|hematite interface. As 
a result, film conductivity increases, reducing the photocurrent drop at larger photoelectrode areas. The 
improved charge separation and surface charge injection efficiencies allows a homogeneous photocurrent of 1.6 
mA cm⁻2 at 1.45V across a 15.75 m2 electrode area, using less than 70 μg of photoactive material. Cost analysis 
study indicates that this low-energy fabrication method is a significant step forward in green hydrogen pro-
duction, contributing to sustainable and efficient green hydrogen technologies.   

1. Introduction 

Green hydrogen has emerged as a central player in the net-zero 
economy [1–6], with scientists and industrial leaders jumping on the 
global race to develop high-volume and cost-effective production stra-
tegies [7–9]. Solar water splitting via photoelectrochemical (PEC) de-
vices is a promising solution for sustainable hydrogen production, taking 
advantage of the approximately 5.0 x 1012 TJ of solar energy irradiation 
on Earth to produce hydrogen for either direct consumption or for the 
production of other strategic chemicals with reduced hazardous emis-
sions [10–15]. However, as with any solar-energy-based technology, 
performance is intrinsically limited by the photoelectrode area and its 
efficiency. While significant scientific breakthroughs have been reported 
on PEC efficiency improvements in the past decade, those reports focus 

on lab-scale devices, most involving laborious manufacturing strategies 
with intrinsic scalability issues [16–18]. 

The success of PEC devices as scalable energy platforms relies on 
combining robust and cost-effective photoelectrode chemistry with 
efficient and scalable device architecture and manufacturing methods 
[19,20]. As listed in Table S1, the few studies on large-area photo-
electrodes for water-splitting still show limited performances compared 
to the lab-scale counterparts. For instance, Lee et al. [21] reported the 
first demonstration of a large-area PEC device using WO3 photoanodes 
with a total of 131 cm2. However, because of the large area, charge 
recombination losses and inefficient current collection led to a critical 
drop in photocurrent from 2.63 mA cm2 for a lab-scale device to 1.2 mA 
cm2 in the scaled-up model. While there is a clear correlation between 
area enlargement and photocurrent decay, lessons from lab-scale studies 
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have provided the foundations for significant photocurrent improve-
ments. As an example, Villanova et al. [22] reported a hematite pho-
toelectrode with 25.6 cm2 and an associated photocurrent of 0.52 mA 
cm−2 using 1.23V under 2500 W m−2. Later, taking advantage of Ti4+
doping to mitigate polaronic effects [23], Villanova et al. reported a 200 
cm2 photoelectrode for 2.0 mA cm−2 at 1.45V under concentrated solar 
irradiation up to 12.8 kW m−2, showing stability for 48h. 

Larger photoelectrode areas have been reported using a combination 
of one hundred BiVO4-based PEC cells, forming the largest PEC-PV ever 
demonstrated and measuring 16,000 cm2 [24]. However, while that 
work demonstrates the viability of the fabrication of such large-scale 
PEC devices using spin-coating and innovative architectures, this sys-
tem showed limited stability and could not be tested with concentrated 
solar radiation. System instability is undoubtedly one of the most critical 
parameters for technological implementation [25–27]. 

Despite showing more limited photocurrent in upscaled systems 
(Table S1), hematite (α-Fe2O3) is a promising candidate for PEC appli-
cations due to its known photoelectrochemical stability under an alka-
line environment, with proven resiliency over 1,000h [28–30]. At the 
lab scale, hematite photoelectrodes can deliver photocurrent as high as 
6 mA cm2 at 1.23V vs. RHE [31], representing almost 50 % of its 
theoretical limit. However, avoiding performance reduction when 
upscaling hematite photoelectrodes remains a significant challenge. 

This work introduces an innovative, cost-effective method for 
fabricating homogeneous hematite-based photoelectrodes with areas as 
large as 200 cm2. The method entails the spin- or dip-coating of a 
chemically designed dilute polymeric solution containing cationic pre-
cursors to fabricate few-grains-thick polycrystalline photoelectrodes on 
FTO (or other) substrates upon annealing [32–34]. Based on the theo-
retical framework regarding dopant design to mitigate interfacial 
recombination and bulk-polaronic effects, we introduced Hafnium 
(Hf4+) in the polymeric precursor to selectively modifies interface re-
gions of the photoelectrode, thus decreasing the energy barriers through 
the grains and delivering homogenous photocurrents greater than 0.8 
and 1.6 mA cm⁻2 at 1.23 and 1.45 VRHE, respectively, across films as 
large as 15.75 cm2. In addition, recent reports have demonstrated that 
Hf4+ principally modifies surface, grain boundaries and FTO/grain 
interface, improving charge separation and reducing recombination [35, 
36]. Hf4+ also led to a refined microstructure derived from interface 
stabilization [36]. We selected the hematite photoelectrode area of 
15.75 cm2 for convenience in getting insights into the engineering pa-
rameters and challenges in the upscaling toward the future construction 
of larger photoelectrochemical prototypes. 

2. Materials and methods 

Nanostructured hematite photoelectrode fabrication steps followed 
the schematic sequence exhibited in Fig. 1. 

2.1. Substrate cleaning process 

Commercial aluminoborosilicate glass substrates coated with 500 
nm of fluorine-doped tin oxide (FTO) on one side (FTO, 10 Ω square−1, 
10.0 cm × 10.0 cm × 1.1 mm, Solaronix SA) were used for photo-
electrode synthesis. FTO substrates were subjected to a cleaning process 
evolving three consecutive 30 min immersions in boiling ultrapure 
water (18.2 MΩ cm at 25 ◦C), followed by immersion in anhydrous 
ethanol and acetone, both heated below their boiling points at 70 and 
50 ◦C, respectively. The substrates were then thermally treated in air at 
550 ◦C for 60 min. 

2.2. Precursor solution preparation 

The chemical synthesis employed here can be easily scaled up from 
milli-to several-liters depending on the demand, as recently described in 
a patent [37] and summarized in Fig. 1 and Fig. S1. In a typical syn-
thesis, 0.302 Kg of citric acid (C6H8O7, J.T. Baker, 99.5 %) and 0.227 Kg 
of iron (III) nitrate (Fe(NO3)3⋅9H2O, Alfa Aesar, 99.5 %) were dissolved 
in 0.6 L of milli-Q water (18.2 MΩ cm, 25 ◦C). After dissolution, 0.201 kg 
of ethylene glycol (Sigma Aldrich, 99.8 %) was added into the ferric ions 
chelated solution to drive polyesterification reaction at 70 ◦C under 
constant stirring. Approximately after 8 h, the polymeric precursor so-
lution was let to naturally cool down to 25 ◦C with the original volume 
reduced by 50 %, enabling the completion of the polymerization. For the 
pristine hematite precursor solution, a solution of anhydrous ethanol 
and isopropyl alcohol at a 3:2 ratio (mL/mL) was used to dilute the iron 
polymeric precursor at 50 %, followed by stirring for 5 min. In the case 
of Hf-modified hematite, HfCl4 (Sigma Aldrich, 98 %) was dissolved in 
anhydrous ethanol and subsequently added to the iron polymeric pre-
cursor solution in a Fe/Hf ratio of 96/4. Similarly to the pristine he-
matite solution, anhydrous ethanol and isopropyl alcohol were added to 
dilute the resin. Lastly, the final polymeric precursor solution was stored 
in a refrigerator at ~7 ◦C for 24h prior to the deposition stage. On a side 
note, we did not observe any polymeric precursor solution degradation 
or precipitation after one year of storage in a regular refrigerator. 

Fig. 1. Schematic illustration for designing nanostructured photoelectrodes (from (a) to (d)) with a variety of dimensions from a few centimeters to square meters.  
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2.3. Large-scale photoelectrode fabrication 

2.3.1. Photoelectrode deposition and thermal treatment 
For the small photoelectrodes, a single droplet (1 mL) of the pre-

cursor solution was spin-coated on the FTO substrates using optimized 
conditions for the deposition: 5 s at 500 rpm and 30 s at 7000 rpm. For 
larger areas, i.e., photoelectrodes higher than 50 cm2, the FTO sheets 
were dip coated on the precursor solution. A versatile and robust 
custom-built, Iara dip-coater (Fig. S2), enabled deposition on more 
extensive areas with automatic control of parameters such as speed rate 
of immersion (e.g. 30 mm/s), time immersed in solution (e.g. 10 min), 
rate of extraction (e.g. 0.5 mm/s). After deposition, the photoelectrodes 
were dried for 10 min at 90 ◦C on a hot plate and thermally treated at 
550 ◦C in air and 750 ◦C in N2. The examples of small and large pho-
toelectrodes areas dip-coated using the Iara systems can be seen in 
Fig. S3. Rectangular-shaped photoelectrodes were produced at di-
mensions ranging from 1 cm2 up to 200 cm2, but for practical reasons, 
only the substrates with 4.5 × 3.5 cm2 (total area = 15.75 cm2) were 
tested more extensively in terms of PEC and microstructural analysis to 
demonstrate the scaling-up capabilities of the method. 

2.4. Photoelectrode characterization 

2.4.1. Morphological, optical, and electrical characterization 
Homogeneity of the films across the substrates was evaluated by 

dividing the photoelectrodes into nine regions sampling the center and 
the edges of the square-shaped photoelectrodes. Morphological char-
acterizations were performed in each area and compared to assess ho-
mogeneity. A dual beam electron microscope combining a scanning 
electron microscope (SEM) with a focused ion beam (FIB, Scios 2 
DualBeam, Thermo Fisher Scientific) supported the surface morphology 
and photoelectrode thickness investigation. Images were processed and 
used for thickness determination using ImageJ software. Surface 

roughness was evaluated by atomic force microscopy (AFM), NX-10 
Park Systems in the intermittent contact mode (tapping mode) with 
silicon probe Nano World, FMR model, resonance frequency (nominal) 
75 kHz, Force Constant (nominal) 2.8 N/m. A scanning image area of 2 
× 2 μm with a resolution of 512 × 512 pixels was recorded. Surface Root 
Mean Square (RMS) was determined using Gwyddion Software. Optical 
absorption spectra were recorded between 220 and 800 nm, using a 
Shimadzu UV–VIS–NIR spectrophotometer UV-3600 Plus equipped with 
an integrating sphere. The optically saturated photocurrent density 
(Jabs) was calculated from the absorbance measurements as presented in 
Equation (1) [38]. Jabs calculations assumes that 100 % absorbed photon 
are converted to current. 

Jabs = − q ø

(

1 − e

(

−

∫

A dλ

)

)

(1)  

where q is the elementary electron charge, ø is the photon flux in the AM 
1.5 G filter, λ is the visible range for the absorption spectra of all pho-
toelectrodes analyzed and A is the absorbance. 

The sheet resistance was measured with a four-point probe (Ossila 
Ltd, UK.) on the photoelectrodes for electrical characterization. The 
results were averaged over 52 measurements over the different locations 
of the photoelectrodes. 

2.4.2. Photoelectrochemical characterization 
Photoelectrochemical measurements were performed with a poten-

tiostat/galvanostat workstation (Autolab PGSTAT302 N). J-V curves 
were obtained in the dark and under simulated sunlight conditions, 
(Xenon lamp, 150 W Ozone Free, Newport 66477-150XFR1) calibrated 
with a c-Si photodiode (100 mW/cm2). A 3-electrode setup was 
employed: The produced photoelectrodes were employed as working 
electrodes while the counter electrode was a 100 mm × 50 mm plati-
nized titanium mesh with a platinum layer thickness of 2–5 μm (Electro 

Fig. 2. (Top) From left to right, the representative image of 3D printed reactors with different dimensions and quartz windows for photoelectrochemical (PEC) 
evaluation under continuous electrolyte flow. (Bottom) Image illustrating the 3D printed PEC cell for larger electrode analysis (>15 cm2). After printing using the 
Clear resin, the employed condition and post-cured was carried out with 1.25 mW/cm3 of 405 nm LED light for 60min at 60 ◦C. Although the seller did not provide 
details about resin formulation, the printed/post-cure system must be able to resist aggressive environments such as NaOH at high concentrations. 
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Fig. 3. Topographic view of different sections (A, B, C, D, E) around the Hem photoelectrode labeled on left image. A′, B′, C′, D′ and E′ show the topographic scan of 
atomic force microscopy of Hem photoelectrode. A″, B″, C″, D″ and E′ display the DualBeam images of the lateral view of each section. 

I. Rodríguez-Gutiérrez et al.                                                                                                                                                                                                                  



International Journal of Hydrogen Energy 58 (2024) 1138–1148

1142

Galvano, Brazil) and Ag/AgCl was the reference electrode. NaOH 1 M 
(pH = 13.6) was used as electrolyte solution. All potentials were con-
verted relative to the reversible hydrogen electrode (RHE) scale ac-
cording to Nernst equation (Equation (2)): 
ERHE =EAg/AgCl + E

◦

Ag/AgCl + 0.059 × pH (2) 
The characterizations were performed in the photoelectrode in two 

different ways: (1) For evaluating the performance homogeneity across 
the photoelectrode area, a mask containing nine circular holes was 
applied over the photoelectrode. Measurements were performed in each 
of the nine regions using the device schematically shown in Fig. 2 (cell in 
the middle, top), which was 3D printed using the commercial resin 
Clear. The resin was selected considering the aggressive environmental 
application (1.0 M NaOH aqueous electrolyte). (2) For studying the 
overall PEC performance, PEC response was measured in a scaled-up 
PEC reactor, as also shown in Fig. 2 (cell on right, top). Both the 
masked electrode with the nine exposed areas and the naked electrode 
with a total geometrical area of 15.75 cm2 were tested. Fig. 2 shows the 
3D printed devices from left to right, the evolution of active area to be 
analyzed, while the picture (bottom) shows a photograph of the 3D 
printed reactor with hematite photoelectrode (15.75 cm2) placed inside. 

All setups represented in Fig. 2 (top) were designed for a continuous 
electrolyte flow. To evaluate the nine exposed (0.28 cm2) and naked 
(15.75 cm2) photoelectrode areas, an electrolyte tank with 110 mL of 
volume was coupled to the respective reactors for maintaining a 
continuous flow according to the internal reactor volume (40 and 150 
cm3, respectively), electrode area and amount and velocity of bubble 
formation due to gas production during the (photo)electrolysis. For the 
larger reactor (Fig. 2, bottom), the optimum electrolyte flow of 50 mL/ 

min helps avoid the electrode surface being passivated by the contin-
uous bubble evolution due to the solar water splitting reaction. 

An additional step prior to evaluating the photoelectrochemical 
performance of all designed photoelectrodes was the sunlight simulator 
calibration to a 100 mW/cm2 or 1 Sun of irradiation using AM 1.5G 
filter, according to the PEC reactor. Light scattering and absorption due 
to the electrolyte pathway until it reaches the photoelectrode surface or 
eventual interaction with the PEC 3D printed walls were carefully 
investigated, including the possible losses due to the commercial glass or 
quartz as represented in Fig. S4 (See details in SI, PEC cell calibration 
section). Electrical contact was made using a homemade 4-pin header 
(gold plated) connector, directly connected to the conductive substrate 
by pressure as displayed in Fig. S5. A female banana plug was employed 
for linking the potentiostat with the reactor. The effectiveness of elec-
trical contact was verified by open circuit measurements to bring ac-
curacy and reproducibility to the reactor operation. The 
chronoamperometry measurements were conducted under dark and 
illuminated conditions to evaluate the relevance of each potential on the 
stabilization time before initiating the measurements (Fig. S6). After, 
measurements were carried out in a chopper mode to determine any 
possible photoresponse variation due to the electrolyte flow through the 
reactor (Fig. S7). No significant changes in current density were 
observed with or without stabilization time before initiating the mea-
surement at those employed potential during the PEC reactor operation. 
The electrolyte flow at 50 mL/min shows to be an ideal choice consid-
ering that no perturbation or fluctuation in the current density can be 
seen as a function of time of the experiment. Other parameters, such as 
temperature and pH, were investigated during the reactor operation 
(Fig. S8). The constant light irradiation and applied potential could 

Fig. 4. A) Overall efficiencies (ƞoverall) calculated from the ratio Jexp (in gray)/Jabs (in red). B) JFront/JBack ratio calculated for hematite photoelectrodes. C) Average 
sheet resistance measurements for Hem and HHf photoelectrodes measured in a four-point probe station. Flat band (VFB), open circuit (Voc) and photocurrent onset 
(Vonset) potential of hematite photoelectrodes measured in the D)9 different sections and E) large area. F) STEM-EDS elemental mapping (Fe in red; Hf in green and Sn 
in blue) of two distinct regions: grain/grain interface and FTO/grain interface in HHf photoelectrodes. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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influence the temperature and pH stability; hence, the experiment was 
conducted under the above-mentioned electrolyte flow to observe its 
effectiveness in maintaining the initial reactor operation condition 
constant as a time function. Fig. S8 certifies the reactor calibration under 
dark and illuminated conditions since the photoresponse can be kept 
unchanged over time during operation, i.e., no significant fluctuations in 
temperature or pH are observed. 

2.5. Techno-economic analysis 

The manufacturing cost of the Hf-modified hematite photoelectrodes 
was determined through a comprehensive analysis of the synthesis 
process. The cost calculation considered various factors, including the 
expenses associated with precursor materials, high-purity reagents, and 
a specialized polymeric precursor solution (PPS). The total production 
estimation was based on the assumption that 1 L of PPS can cover an 
area of 2 m2. Electricity expenses were estimated considering the energy 
supplier charge in Campinas, Sao Paulo (CPFL), and the additional taxes 
in this location. Other utility expenses, such as N2 and water con-
sumption during the photoelectrode synthesis, were also taken into ac-
count. The estimation of engineering and production labor costs 
involved the time required for coating 2 m2 and the average salary of a 
laboratory technician in Brazil ($680 per month). Equipment mainte-
nance costs were determined considering 20 % of the total production 
cost. Depreciation expenses were not included in the calculation. 

3. Results and discussions 

3.1. Large scale photoelectrode fabrication 

Fig. 1 shows an illustration displaying the processes employed in the 
production of the ultra-thin hematite photoelectrodes which follows the 
chemical principles involved in Pechini process: the formation of chelate 
complex and its subsequent polyesterification [39,40]. The precursor 
solution was synthesized through the polymerization of citric acid and 
ethylene glycol in the presence of Fe3+ ions [37,41]. After polymeriza-
tion and cooling to room temperature, the solution volume was reduced 
to half, resulting in a pristine polymeric precursor (see details in the 
flowchart Fig. S1). Although the resulting resin could be directly used to 
create a hematite film, anhydrous ethanol and isopropyl alcohol were 
added to adjust the viscosity and lower fluid polarity to improve 
wettability on the substrate. The method enabled the fabrication of 
photoelectrodes with working areas up to 200 cm2, as seen in Fig. S3. 
However, for practical reasons, only electrodes with areas up to 4.5 ×
3.5 cm2 (15.75 cm2) were extensively evaluated to test the scaling-up 
capabilities of the method. 

Fig. 3(A-E) shows top-view SEM images of five of the nine regions of 
the 15.75 cm2 photoelectrode of hematite (Hem). The selected regions 
represent the most critical areas of expected inhomogeneity, which 
could result in microstructural heterogeneities in terms of porosity, 
grain size, film thickness, and adherence. The images show a porous but 
uniform layer covering the substrate regardless of the region. Charac-
teristic ellipsoidal grains obtained from polymeric precursor deposition 
are distinguishable from the images, as detailed in a higher magnifica-
tion images shown in Fig. 3(A′-E′) [42,43]. Average surface roughness 
(RMS = 11 nm ± 1) obtained from atomic force microscopy (AFM) to-
pographies indicates the presence of a uniform layer on top of the FTO, 
with values consistent with those previously reported for lab-scale he-
matite photoelectrodes [43,44]. 

FIB cross-sectional images shown in Fig. 3(A″-E″) from the selected 
regions reveal a thin uniform layer of 125 ± 17 nm in thickness 
consistently across the sample. The image shows the FTO substrate with 
its characteristic surface irregularities. One observes that the hematite 
layer is only in partial contact with the substrate, particularly in the FTO 
grain valleys, forming a smooth top surface. In contrast, many voids are 
observed, possibly indicating partial adherence with a limited FTO/ 

hematite interface. 
Fig. 4A–E displays the electrical and electrochemical properties of 

the as synthesized photoelectrodes. The photoelectrochemical proper-
ties of the hematite photoelectrodes were evaluated by measuring the j,V 
curves under dark and illumination conditions in the nine isolated re-
gions (denoted as 9-points) and the whole electrode area (named Large 
Area), as depicted in Fig. S9. A similar photocurrent profile was 
observed in both cases, with a significant decrease in photoresponse for 
the measurements in large areas (Fig. S9). The average photocurrent 
density measured at 1.23 V vs RHE (J@1.23VRHE) obtained from each 
point (Fig. 4A) is comparable to the performance of hematite photo-
electrodes with 2 × 1 cm2 dimensions reported elsewhere [41,43]. 
However, for the Large Area photoelectrode, the average J@1.23VRHE 
decays by approximately 60 % under frontside illumination. Moreover, 
the overall efficiency (ηoverall, see SI section Supplementary Methods), 
calculated as the ratio of the J@1.23VRHE and the optically saturated 
photocurrent density (Jabs), shows a drastic reduction. These perfor-
mance indicators suggest possible charge transport losses associated 
with the area increase. It is well-known that insufficient electron 
transport to the back contact can limit the photoresponse [45,46]. One 
way to evaluate charge transport in photoelectrodes consists of 
comparing photocurrent densities for the front (JF) and backside (JB) 
illumination (Fig. 4B and Fig. S9). Photoelectrodes that show a photo-
response not limited by charge collection have a ratio close to 1. 
Conversely, a possible interpretation is that electron transport to the 
back contact is the limiting factor, since the charges must be generated 
close to the substrate for superior photocurrents [47]. Interestingly, 
small areas present a JF/JB ratio close to 0.8, while the ratio for large 
areas is ~1.1. Apparently, in the small area electrodes, the presence of 
voids observed in the cross-sectional images substantially influences the 
charge collection. As the area increases, there is evidence of other issues 
affecting the photoresponse in addition to the limited FTO/hematite 
contact. 

To gain further insights into the possible voltage losses associated 
with the scale-up process, flat band potential (Vfb), open circuit voltage 
(Voc), and photocurrent onset (Vonset) were determined in 9-points and 
Large Area photoelectrodes (Fig. 4E and F, respectively). The Vfb was 
estimated from the photocurrent plot in the presence of H2O2 as a hole 
scavenger (not shown here) using the Gartner-Butler equation [48], 
while the onset photocurrent was calculated from the photocurrent 
plots. Large area measurements present a Vfb 100 mV more positive than 
the 9-points, probably associated with additional ohmic losses provoked 
by the area. Interestingly, this trend is not observed in the Voc or the 
Vonset. For a better understanding of this behavior, the sheet resistivity of 
the hematite layer was measured using a “four-point probe” as observed 
in Fig. 4C. In this setup (inset in Fig. 4C), a current is passed through the 
outer probes and induces a voltage in the inner voltage probes. The 
average resistance was calculated from the measurements in the 
9-points of hematite films. For hematite films (Hem), the standard de-
viation indicates a significant resistivity variation around the film. This 
average resistivity and the standard deviation were expected because 
hematite is a highly resistive material (106 Ω for a single crystal). 

3.2. Impact of hafnium modification 

The results suggest that while the polymeric precursor method can 
deliver an apparent microstructural homogeneity across the thin film, 
the presence of voids is still problematic and a limiting factor for PEC 
performance. It has been shown in lab-scale-experiments that interfacial 
doping of hematite helps to overcome its most relevant drawbacks. In 
this context, Hafnium ions (Hf4+) were added to the hematite precursor 
solution before the alcohol mixture. This simple modification in the 
process allows the incorporation of Hf4+ [35], which expectedly in-
creases electron transport through the grains in the mesoporous 
morphology [49,50]. As seen in Fig. 4C, the resistivity of Hf-modified 
photoelectrodes (HHf) shows an 88 % decay compared with the 
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Fig. 5. Topographic view of different sections (A, B, C, D, E) around the HHf photoelectrode labeled on left image. A′, B′, C′, D′ and E′ show the topographic scan of 
atomic force microscopy of HHf photoelectrode. A″, B″, C″, D″ and E″ display the DualBeam images of the lateral view of each section. 
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undoped film. The standard deviation further shows greater homoge-
neity in the HHf films. To better understand the origin of the resistivity 
decrease, scanning transmission electron microscopy (STEM) coupled 
with energy dispersive X-ray spectroscopy (EDS) was performed. EDS 
chemical composition mapping (Fig. 4F) acquired from the region that 
covers two interfaces (grain|grain and FTO substrate|4%Hf-HEM in-
terfaces), shows the distribution of iron (red) only at the hematite re-
gion, while Hafnium (green) is segregated at hematite grain boundaries 
and in between hematite|FTO substrate. Since the presence of Hf can 
reduce the energy barrier within the grains while simultaneously 
decreasing electron losses at the hematite|FTO interface [35], it can 
diminish the ohmic losses, thereby improving hematite conductivity. 

SEM and AFM images were acquired for the Hf-containing photo-
electrodes following the same pattern employed for the undoped he-
matite films shown in Fig. 2. Fig. 5 shows the topographic and cross- 
sectional view of different sections (A, B, C, D, E) around the HHf 
photoelectrode. 

The top view images shown in Fig. 5A-E display similar topography 
for both doped and undoped photoelectrodes when contrasting with 
Fig. 3A-E. However, the micrographs demonstrate a more compact and 
uniform layer onto the FTO for the Hf-containing samples, with a 

calculated thickness of 98 ± 8 nm. In contrast with bare hematite, 
smaller grains, and in some cases with randomly oriented rodlike 
morphology, are consistently observed. The apparent grain size reduc-
tion due to Hf4+ addition is a clear fingerprint of its segregation at in-
terfaces, i.e., it has been reported that segregated dopants may reduce 
interfacial energies and act as pinning agents for grain growth [41,44, 
49]. 

For evaluating the impact of Hf in the contact between the FTO and 
the deposited film, an adhesion factor (AdF) was calculated for both 
photoelectrodes from the microscopy:  
AdF= (Hem-FTO interface)/Total FTO interface                                   (3) 

Here, the total FTO interface was estimated considering the FTO 
length in FIB images and Hem-FTO interface only contemplates the 
linear zones where the Hem (HHf) are in contact with the FTO. Lower 
values of AdF for HHf (0.72) against Hem AdF (0.25) demonstrate that Hf 
doping further enhances film interaction with the FTO ridges, possibly 
related to interface stability. One may speculate this effect could over-
come shunting on the FTO/hematite interface to improve charge sepa-
ration efficiency. 

PEC measurements of HHf photoelectrodes confirm the superior 

Fig. 6. A) Overall efficiencies (ƞoverall) calculated from the ratio Jexp (in gray)/Jabs (in red). B) JF/JB ratio calculated for HHf photoelectrodes. Flat band (VFB), open 
circuit (Voc) and photocurrent onset (Vonset) potential of HHf photoelectrodes measured in the C) 9 different sections and D) large area. Calculated (E) surface charge 
injection (ηinjection) and (F) separation (ηseparation) efficiencies for Hem and HHf photoelectrode obtained via experimental data. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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performance of the modified photoelectrodes compared to pristine he-
matite films. j,V measurements in different regions around HHf photo-
electrode (Fig. S10A) show a substantial photocurrent increase at V >
1.1 VRHE compared to Hem photoelectrodes (Fig. S9). A similar trend for 
frontside and backside illumination LSV measurements is observed in 
the different regions on HHf photoelectrodes. The measurements per-
formed in a larger area (Fig. S10C) show a similar photocurrent profile 
to the 9-points. 

J@1.23VRHE averages measured in large areas have a 12.3 % and 9.5 % 
decrease under frontside and backside illumination, respectively, 
compared to the averages in the 9-points regions (Fig. S10 b and d). 
Although the calculated Jabs did not vary with Hf4+ addition, the pho-
toresponse and the ηoverall present a 4-fold increase compared to the 
pristine hematite photoelectrodes (Fig. 6A). Interestingly, the JF/JB 
ratio for HHf photoelectrodes (Fig. 6B) is greater than 1 for both 9-points 
and large areas, indicating that the photogeneration at the surface favors 
the water oxidation reaction. Moreover, no significant changes in Vfb, 
Voc, and Vonset were noticed with Hf4+ addition (Fig. 6C and D). 

To further elucidate the effect of the Hf4+ addition in the charge 
carrier dynamics of hematite scaled-up photoelectrodes, it is helpful to 
quantify any changes in the catalysis and the charge separation. Since 
the photoresponse is dependent on the surface charge injection effi-
ciency (ηinjection) and the separation efficiency (ηseparation), the photo-
current density (JPEC) can be expressed as:  
JPEC = Jabsx ηinjectionx ηseparation                                                         (4) 

Here, ηinjection is represented by the ratio between the photocurrent 
obtained in alkaline electrolyte and photocurrent resulting from OH−

saturated electrolyte (JPEC/JH2O2), and ηseparation = JH2O2/Jabs, as 
defined elsewhere [51]. As illustrated in Fig. 6E, Hf4+ enhances the 
hematite ηinjection at potentials higher than 1.1 V vs RHE. In addition, the 
separation efficiency (Fig. 6E) was also improved at V > 0.8 V vs RHE. 
As a result, HHf shows superior overall efficiency compared with the 
pristine hematite. Fig. 7 summarizes the relevant parameters for Hem 
and HHf photoelectrodes to facilitate a direct comparison. 

3.3. Techno-economical analysis 

Finally, to demonstrate the potential for scaling up the proposed 
ultra-thin photoelectrode protocol, a techno-economic analysis was 
conducted using a bottom-up cost analysis method [29]. This analysis 
considered various variables, such as the costs of FTO substrates and 
precursor materials, utility expenses (including electricity, N2, and 
water consumed during photoelectrode synthesis), as well as engineer-
ing and production line labor and equipment maintenance. It is worth 
mentioning that the provided analysis is based on a research 
lab-scenario production, which may involve higher expenses due to the 

use of high-purity reagents, gas sources, and specialized lab conditions. 
The current manufacturing cost of Hf4+ modified hematite photo-
electrodes synthesized in our laboratory was calculated, with the total 
production estimation based on the assumption that 1 L of PPS can cover 
2 m2 of substrate with a thickness capable of absorbing 63 % of incident 
photons at a wavelength of 550 nm. Fig. 8a presents the manufacturing 
costs breakdown for HHf photoelectrodes in USD dollars. The 
manufacturing cost of Hf-modified photoelectrodes is estimated in 
approximately US$87/100 cm2, with the precursor solution contrib-
uting to only 0.7 % of this cost. As expected, FTO glass substrates 
constitute ~66 % of the total cost, which could be reduced by using 
alternative substrates like stainless steel or by implementing a TCO 
(transparent conductive oxide) production line to decrease FTO sub-
strate value. A projected price considering the FTO deposited onto soda 
lime glass (~US$7 per m2 [52]) or using stainless steel 304 (supplier: 
Loja do açõ inox, Brazil) as substrate shows a significant price decrement 
up to US$18.07 and US$18.19 per 100 cm2, respectively (Fig. 8b and c), 

Fig. 7. Summary of (photo)electrochemical parameters for scaled-up Hem and 
HHf photoelectrodes obtained in this work. 

Fig. 8. a) Direct manufacturing cost breakdown for Hf modified hematite 
photoelectrodes and their respectively projected price using b) possible FTO 
reported in Ref. [29] and c) stainless steel 304. The inset in each graph rep-
resents the cost breakdown in percentage. 
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representing a price reduction of ~79 %. Cost-saving opportunities such 
as buying in bulk, optimizing labor assignments and the implementation 
of production line facilities are some important points for price opti-
mization that could be 10 times lower than the laboratory estimated 
price (US$1.8/100 cm2) [53]. 

4. Conclusions 

We have shown that the synthesis from polymeric precursor solution 
can promote homogeneous large area hematite photoelectrodes for 
hydrogen production via photoelectrocatalysis. The Hf4+ addition to the 
pristine polymeric precursor solution can significantly enhance the 
adherence between the hematite and the FTO substrate which enhances 
the separation and surface charge injection efficiencies in large areas. 
Hf4+ addition also decreases the hematite resistivity, probably associ-
ated with the reduction of the energy barrier between the grain 
boundaries and simultaneous electron losses decrease at the hematite| 
FTO interface. 

Although previous studies have proven that the decay in both current 
density and potential is related to the substantial ohmic potential losses 
occurring at the FTO/photocatalyst interface, more drastic in larger 
electrodes [54,55], our study demonstrated that the PEC response drop 
across the photoelectrode can be potentially mitigated by strategic 
chemical modifications using the proposed PPS method. The utilization 
of this robust and low-cost system shows great opportunities for solar 
energy conversion and represents a step forward in green hydrogen 
production via photoelectrochemical devices. 
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