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Abstract

The work demonstrates a three-fold increase in the photoelectrochemical efficiency of hematite
nanorods due to the combination of Hafnium doping and the incorporation of a ZrO2 underlayer
on FTO. While the ZrO2 layer reduced the electron loss from the back-injection into the FTO
contact support, Hafnium doping did not significantly alter the hematite lattice structure. But
rather, Hafnium induced nanorod diameter reduction from 32+2 and 26+2 nm, with a
consequent increase in the active surface area. The linear sweep voltammetry measurements
with 100 mW cm? illumination in a 500 nm photoanode thickness showed a photocurrent
density of 2.07 mA cm™ at 1.23 V in a reversible hydrogen electrode (RHE). The value contrasts
with the bare hematite rods (0.75 mA cm™), highlighting the photoanode design's role in

improving solar power hydrogen production.
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1. Introduction

Hematite (a-Fe203) is a potential photoanode for photoelectrochemical (PEC) water
splitting to produce green hydrogen. However, its conversion efficiency is still far below
practical values due to inherent challenges, such as sluggish surface oxygen evolution reaction,
rapid electron-hole recombination, and limited conductivity [1,2]. Several strategies have been
employed to overcome the limitations, including nanostructuring, crystal doping, and interfacial
segregation [3—6]. From these strategies, increasing the number of active sites and enhancing
electron transport through morphology control is a suitable path accomplishable by a controlled
synthesis. In particular, 1D nanostructures have shown PEC responses much superior to planar
structures, with a benchmark photocurrent of ~6 mA cm 2 achieved for nanorods using
combined modifications of hydrogen treatment, TiO2 overlayer, and cobalt phosphate catalysts
[6].

Due to the performance limitations of the hematite potential, tetravalent ions, such as Ti*",
Zr**, Sn*', and Si*", have been proposed to improve charge carrier mobility [3,7]. Because the
intrinsic mobility and carrier concentration are impacted by surface polarons [8], favoring
doping segregation in contrast to solid solutions by synthetic strategies causes a shift in
photocurrent onset potential to positive values [5], indicating modification of the charge carrier

kinetics.

This work investigates the underexplored Hf*"-doping effects on the charge carrier
dynamics in hematite nanorods arrays, and their respective performance as photoanodes. In
addition to Hf*", we introduced a ZrO> layer at the transparent conducting oxide/Hf-hematite
interface to minimize electron losses at back-contact injection from the FTO surface, altogether

resulting in an overall three-fold increase in photoelectrochemical efficiency.



2. Experimental Section

Rod-like hematite was obtained by thermally converting a B-FeOOH film prepared on a
FTO substrate by immersing it into an iron precursor solution followed by hydrothermal
treatment [9]. The ZrO2 underlayer was introduced by previously spin-coating a Zr-salt solution
onto the FTO. Hf*" was deposited over p-FeOOH before the conversion to hematite. Pristine
hematite is labeled as H, Hf-doped as HHf, and that containing the underlayer as Zr/HHf.

Details of the synthesis and PEC testing conditions are found in Supplemental Informations.

3. Results and discussions

The X-ray diffraction patterns confirmed the formation of the hematite (o-Fe203, JCPDS
card 033-0664, Fig. S4). Additional diffraction peaks associated with Hf*" and ZrO: underlayer
additions were not detected. Calculated Lotgering factor [10] (f = 0.44, 0.46, and 0.44 for H,
HHf, and Zr/HHT, respectively) revealed preferential growth at (110) directions, likely induced
by FTO [11]. The crystallite sizes estimated from the Scherrer equation [12] indicate crystal
growth suppression by Hf*" (32+2 and 26+2 nm for H and HHf, respectively). The result for
Zr/HHf (2442 nm) suggests the ZrO2 underlayer does not significantly impact the crystallite
size. The cell parameters showed a small volume expansion from 301.779 A (H) to 301.869
A® (HHf), and to 301.892 A3 (Zr/HHf). However, these are within the uncertainty of +0.35,
suggesting negligible dissolution of Zr and Hf into the hematite crystal.

Fig. 1 shows images of the photoanodes formed by nanorods with a thickness of 500+30
nm, 502+30 nm, and 537+30 nm, and diameters of 54+11 nm, 31+7 nm, and 30+5 nm for H,
HH{, and Zr/HHT, respectively. Consistent with the crystallite sizes, Hf also impacted the rod
dimensions. However, the thickness variation in Zr/HHf is related to the addition of ZrO2
underlayer. For all samples, AFM showed minor variations in the Root Mean Square (RMS)
(10243 nm, 96+6 nm, and 101.7+2 nm for H, HHf, and Zr/HHf respectively), indicating

consistent surface roughness.



Insert Figure 1

Fig. 2a shows the linear sweep voltammetry measurements under dark conditions and 100
mW cm? illumination. The photocurrent density (Jpn) versus applied potential (in reversible
hydrogen electrode — RHE) curves show the photocurrent response at 1.23 Vrue for H, HHf,
and Zr/HHf photoanodes are 0.75, 1.80, and 2.07 mA c¢cm, respectively. A slight photocurrent
onset shift at more positive potential is observed after Hf addition, associated with the creation
of additional surface defects [S]. The experimental photocurrent density (Jabs) derived from the
absorbance spectrum and calculated from Eq. S1 in Supporting Information (Fig. 2b) present a
slightly decrease (8.8+0.2, 7.6+0.1, and 8.0+0.3 mAcm? for H, HHf, and Zr/HHf). More
importantly, we observe significant enhancement in overall efficiency (noverail), determined by
the ratio between Jpn and Jabs, from 8%=+0.5 for H to 22%=3.2, and 26+0.8% for HHf and

Zr/HHf.

While Hf*' significantly improves the photocurrent to values consistent with the recent
literature exploring Hf** incorporation [13], the ZrO2 underlayer also played an essential role
by mitigating electron loss and inhibiting Sn self-doping. The quality of this underlayer was
tested by measuring cyclic voltammetry (CV) of FTO and FTO with Zr-underlayer deposited
(Fig. S2). A broad peak in 0.9 Erue was observed, indicating the electron injected from the
photoanode was transferred (lost) to the electrolyte before arriving at the counter-electrode. In

counterparty, the underlayer linear curve shows electron loss prevention.

Mott-Schottky analysis under dark conditions helped understand the combined Hf and
ZrO2 underlayer effects. Intrinsic properties such as donor density (Np), flat band potential
(Vv), and depletion layer width (W) are shown in Fig. 2c. Both Np, calculated from Eq. S2,

(4.5x10", 3.3 x10'°, and 2.8 x10" cm’® for H, HHf, and Zr/HHf, respectively) and Vi,



determined by Gaértner-Butler approximation with H202 as hole scavenger (Vi =0.6 for all
photoanodes) [14], remained constant. W, obtained from Eq. S3, varied slightly (17, 21, and 22
nm for H, HHf, and Zr/HHT, respectively). Combined, the data indicate that neither Hf nor ZrO>
significantly change the hematite electronic properties but are mainly modifying its charge

carrier kinetics.

Insert Figure 2

Intensity modulate photocurrent spectroscopy (IMPS) was used to investigate the charge
carrier dynamic, by analyzing the external quantum efficiency (EQE), charge separation
efficiency (CSE), surface recombination (ks-) and transfer (k+) constants as a function of the
applied potential. From Nyquist plot, the IMPS transfer function for H (Fig. S3a) is composed
of a high-frequency and low-frequency loop in all potential ranges, the latter associated with
the charge recombination due to the presence of surface states. For HHf (Fig. S3 b), the loop
disappears at Vrue>1.3 Vrue. For Zt/HHf (Fig. 2d), the loop disappears at VrRug>1.2 VRHE,
indicating that the surface processes no longer depend on the applied potential.

Similar trends for all photoanodes are seen in the &+ deconvoluted from the IMPS spectra
(Fig. 2e), indicating the transfer constant is unaltered by Hf or ZrO. Similarly, a constant trend
for (RC)! time is observed. However, in Fig. 2f, a more pronounced decrease in k¢ for HHf
and Zr/HHf photoanodes suggests that Hf*" alters the surface processes. Interestingly, the
intercept at medium frequency related to CSE is significantly greater for Zr/HHf and HHf than
for H, confirming that Hf and ZrO> are mainly improving the electron collection, which justifies

this enhancement in charge separation.



4. Conclusions

Hf-doping improves the PEC performance by enhancing charge separation efficiency.
Introducing the ZrO2 underlayer helps avoid electron losses at the FTO back contact, improving
electron collection, and positively impacting the charge separation. Combined, this rational
design offers a strategy to improve the PEC performance of hematite nanorod array

photoanodes for solar water splitting.
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Figure Captions



Fig. 1 a, b, and c show a topographic scan of AFM for H, HHf, and Zr/HHf. a", b", and c"

DualBeam images of the lateral view of each sample. a"', b"', and ¢"' shows a topographic views.

Fig. 2 a) Linear Sweep Voltammetry measurement in dark and under one sun irradiation. b)
Compilation of the parameters Jph, Jabs, and mNoverall. ¢) Mott-Schottky in dark condition from
Electrochemical Impedance Spectroscopy. d) Intensity-Modulated Photocurrent Spectroscopy
spectra with high-intensity blue LED (470 nm) of Zr/HHf. e) Transfer and RC constants versus

applied potentials. f) Recombination and RC constants versus applied potentials.



Fig. 1
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