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Abstract 

As a promising photoanode for photoelectrochemical (PEC) water oxidation, hematite

(Fe2O3) still suffers from poor charge mobility and serious charges recombination and

sluggish surface oxygen evolution kinetics. Herein, a hybrid photoanode of cobalt 

(oxy)hydroxide coupled with reduced graphene oxide modified 

Fe2O3(CoOOHrGO/Fe2O3) is well crafted by a facile hydrothermal synthesis with a 

chelationmediated in-situ growth method. Morphology characterizations indicate rGO 

forms the internal network among isolated Fe2O3 and CoOOH nanosheets distribute 

on the

terminal of Fe2O 3, forming a spatial separated nanostructure. The resultant 

CoOOHrGO/Fe2O3 exhibits an obviously reduced onset potential of ca. 150 mV and a 

significantly enhanced photocurrent density of 2.56 mA cm -2 at 1.23 V, which is ca.

3.3 times higher than that of bare Fe2O3. Especially, the functions of rGO and CoOOH

are studied by using electrochemical impedance spectroscopy, open circuit potentials

and intensity modulated photocurrent spectroscopy. It is found rGO act as conductive

network which facilitates the electron transfer from Fe2O3 to the substrate, while

CoOOH evidently passivate the surface states of Fe2O3, improve charge separation

and provide catalytic active sites for water oxidation. The spatial charge separation and

charge transfer caused by CoOOH and rGO are responsible for the enhanced PEC

performance of water oxidation. The rational design and the facile fabrication strategy

exhibit great potential to be used for other PEC system with great efficiency.
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1. Introduction 

Since Fujishima and Honda firstly reported the concept of photoelectrolysis of water 

over rutile TiO2 electrode[1], photoelectrocatalytic (PEC) water splitting into hydrogen 

and oxygen has gained substantial interests due to it can not only produce renewable 

energy by harvesting energy directly from sunlight but also reduce the utilize of fossil 

fuels. So far, several photoanode materials, such as WO3, BiVO4 and Fe2O3, have been 

extensively developed.[2-4] Among them, Fe2O3 is considered as the most promising 

photoanode material owing to its suitable band gap (~2.1 eV), elemental abundance, 

non-toxicity and high stability in alkaline solution. However, Fe2O3 is still suffers from 

the poor conductivity, the short hole-diffusion length, short minority carrier lifetime, 

serious surface recombination and sluggish oxygen evolution reaction (OER) 

kinetics.[5] 

To alleviate the abovementioned challenges, extensive efforts have been devoted to 

promoting the charge separation and the charge transfer of Fe2O3, including 

morphology control, foreign element doping, heterojunction constructing or oxygen 

evolution catalyst (OEC) loading. [5] Among these well-designed strategies, OEC 

loading has been generally demonstrated as an efficient strategy.[7] Many low-cost 3d 

transition metal oxides (NiO, Co3O4, NiFeOx and CoFeOx),[8-12] hydroxides 

(Co(OH)X, Ni(OH)2 and NiFe(OH)x),[8-12] (oxy)hydroxides (NiOOH, CoOOH and 
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NiFeOOH),[17-21] phosphates (CoPi, NiPi and NiFePi),[22-24] phosphides (FeP and 

Ni2P)[25-27] and layered double hydroxides (CoAl-, CoMn-, NiFe-, ZnCo- and 

NiCoAl- LDHs)[25-27] etc., have been developed as cocatalysts to improve the PEC 

performance of Fe2O3. Previous reports indicate the mechanism for such OECs 

promoting PEC water splitting on Fe2O3 is mainly attributed to the enhanced holes 

transfer. Nevertheless, as the counter of holes transfer, the electrons flow from bulk 

Fe2O3 to the substrate have attracted little attention. Several efforts have been carried 

out to mediate the electron transport. For example, Au and Pt have been reported as 

electron-transfer benign underlayer to improve PEC water oxidation over Fe2O3.[36,37] 

Reduced graphene oxide (rGO), possessing excellent electrical conductivity (>15000 

cm2 V-1 s-1), could act as electron shuttle, thus has great potential to facilitate the 

electron transport in composite photoelectrodes.[38] For instance, Ning et al. verified 

rGO could accept photogenerated electrons from TiO2 and enable fast electron transfer 

in NiFe-LDH/rGO/TiO2 photoanode theoretically and experimentally.[39] Sun et al. 

also concluded rGO played an important role that accelerated the transfer rate of 

electrons in BiVO4/rGO/NiFe-LDHs.[40] Meng et al. demonstrated the direct evidence 

that the photogenerated electrons transferred as the mobile carriers from Fe2O3 to rGO 

in the composite of Fe2O3 nanoparticles/rGO nanosheet.[38] Whereas, few reports have 

been conducted with rGO incorporated OECs/Fe2O3 photoanode, and the charge 

transfer mechanism in an rGO and OECs co-incorporated Fe2O3 still required an in-

depth understanding.

Cobalt (oxy)hydroxide (CoOOH) has recently been identified as a realistic active 
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species for electrocatalytic oxygen evolution reaction (OER).[41-43] Moreover, 

trivalent cobalt species have been proved to possess an optimal electronic configuration 

for the adsorption of reactants.[44,45] Recent studies also indicate CoOOH is also a 

highly efficient OER cocatalyst for promoting photoelectrochemical (PEC) water 

oxidation. The approaches for decorating CoOOH could be Ar plasma-exfoliation, 

photo-assisted electrodeposition and spin-coating. [20,46,47]  Recently, we 

developed a facile chelation-mediated in situ growth method to fabricate ultrathin 

CoOOH onto Fe2O3 photoanode.[48] The resulting CoOOH/Fe2O3 exhibited 

remarkably improved photocurrent density of 2.10 mA cm-2 at 1.23 V vs. RHE, which 

is ca. 2.8 times that of bare Fe2O3, and CoOOH was verified to promote charge 

separation and holes transfer via passivating surface states and suppressing charge 

recombination. However, owing to the instinct poor conductivity of Fe2O3, the electrons 

transfer would also be an obstacle that hinder the PEC performance of CoOOH/Fe2O3. 

Herein, aiming to further enhance PEC performance of Fe2O3, rGO was applied to 

modulate the electrons transfer of CoOOH/Fe2O3. As expected, the resulting CoOOH-

rGO/Fe2O3 showed a further enhanced photocurrent density of ca. 2.56 mA cm-2 (at 

1.23 V vs. RHE), which is 3.3 and 1.2 times larger than that of bare Fe2O3 and 

CoOOH/Fe2O3 respectively. A systematic characterization demonstrates that rGO as a 

conductive network improve electron transfer and CoOOH suppresses surface charge 

recombination, promotes holes transfer and provides catalytic active sites for water 

oxidation. The synergistic effect resulted in a high charge separation efficiency and 

excellent OER catalytic activity
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2. Results and discussion

Scheme 1. The fabrication process of CoOOH-rGO/Fe2O3 photoanode.

The fabrication process of CoOOH-rGO/Fe2O3 is depicted in Scheme 1. Firstly, 

Fe2O3 was fabricated by using a hydrothermal method with FeCl3 and urea as precursor 

followed by a two-step calcination. Subsequently, rGO and CoOOH were decorated in 

order with the designed steps, that is, (i) the hydrothermal reaction between GO and 

Fe2O3; (ii) the assembling of Co-EDTA complex on rGO/Fe2O3; and, (iii) the hydrolysis 

of Co-EDTA-rGO/Fe2O3 in NaOH solution. In step (i), GO nanosheets were anchored 

on Fe2O3 via the electrostatic interaction between the oxygen functional groups on GO 

and Fe2O3, meanwhile GO were reduced to rGO.[49] The use of EDTA chelates in step 

(ii) is to enable enough Co species to interact and be loaded on Fe2O3. And, at step (iii), 

Co-EDTA species on rGO/Fe2O3 slowly were hydrolyzed and reacted with dissolved 

oxygen to form CoOOH.[50] Figure 1 shows SEM and/or TEM images for bare Fe2O3, 

rGO/Fe2O3, CoOOH/Fe2O3 and CoOOH/rGO/Fe2O3. The Fe2O3 sample appears as 

nanorods with a diameter of 20-50 nm and a length of ca. 200 nm, which vertically 

stand on FTO substrate (Figure 1a and Figure S1). The GO prepared by a modified 

Hummers method shows a flake-like structure with wrinkles (~1.0 nm in thickness, 
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Figure S2). After being decorated on Fe2O3, rGO is clearly interwoven among Fe2O3 

nanorods. As a result, a 3D rGO/Fe2O3 network is formed (Figures 1b and 1c; Figure 

S3). The further deposition of CoOOH on rGO/Fe2O3 demonstrates that CoOOH 

nanosheets with an average lateral size of ~30 nm are vertically deposited on the top of 

Fe2O3 (Figures 1d and 1e). Note, due to the electrostatic repulsion between the oxygen-

containing functional groups of rGO with [Co-EDTA]2-, CoOOH prefers to grow on the 

surface of Fe2O3 rather than rGO surface. For comparison, CoOOH/Fe2O3 without rGO 

was synthesized via the chelation-mediated hydrolysis-oxidation method and its 

morphology feature was shown in Figure 1f. Interestingly, CoOOH on CoOOH/Fe2O3 

seems much more condensed with larger lateral size compared with those on CoOOH-

rGO/Fe2O3, which might be attributed to the adjacent rGO limits the continued growth 

of CoOOH nanosheets. Moreover, the SEM image for the cross-sectional CoOOH-

rGO/Fe2O3 indicates that CoOOH nanosheets dominate on the top of Fe2O3 nanorods 

to form a tree-like structure (Figure S4). To get more detailed information of the 

crystalline structure of CoOOH-rGO/Fe2O3 composite, the transmission electron 

microscopy (TEM) was carried out. As seen from TEM images of rGO/Fe2O3 and 

CoOOH-rGO/Fe2O3, the isolated Fe2O3 is coated by wrinkled and tortuous rGO 

nanosheets, forming an excellent interfacial contact (Figures 1g and 1h). The length 

and the width of CoOOH nanosheets are estimated to be 10-30 nm and 6-10 nm 

respectively, with an average thickness of ~2.6 nm (Figures 1h and 1i). The formed 

heterojunction between CoOOH and Fe2O3 confirms CoOOH directly grew up on 

Fe2O3 surface from high resolution TEM image of CoOOH-rGO/Fe2O3 (Figure 1i). The 
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corresponding lattice fringes of 0.243 nm and 0.220 nm are indexed to (101) and (006) 

planes of β-CoOOH. TEM results are in line with that of SEM, revealing rGO network 

plays a crucial role on the morphology of CoOOH nanosheets.

Figure 1 SEM images of (a) Fe2O3, (b, c) rGO/Fe2O3, (d) CoOOH/Fe2O3 and (e, f) 

CoOOH-rGO/Fe2O3; TEM of (h) rGO/Fe2O3 and (i) CoOOH-rGO/Fe2O3; (j) High 

resolution TEM image of CoOOH-rGO/Fe2O3.
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Figure 2 (a) XRD patterns, (b) Raman spectra, (c) UV-vis and (d) PL spectra of Fe2O3, 

rGO/Fe2O3, CoOOH/Fe2O3 and CoOOH-rGO/Fe2O3.

The crystalline phase and composition of the as-prepared samples were examined by 

XRD and Raman spectra. As seen in Figure 2a, all samples exhibit analogous XRD 

diffraction peaks. Among them, the peaks at 35.2o and 63.6o could be indexed to the 

(001) and (012) planes of α-phase Fe2O3, while the peaks at 26.1o, 33.1o, 37.4o, 51.1o, 

61.1o and 65.1o are ascribed to SnO2 in FTO glass. No other reflections related to rGO 

and CoOOH were observed, which might be attributed to the low loading amount. To 

further demonstrate the presence of rGO and CoOOH in these samples, Raman spectra 

were performed from 200~1800 cm-1. As shown in Figure 2b, the peaks at 225 and 499 

cm-1 are assigned to A1g vibrational mode, and those at 292, 412 and 610 cm-1 are 
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indexed to Eg mode, while the peak at 1322 cm-1 is assigned to the two magnon 

scattering, of Fe2O3.[51,52] With the decoration of rGO, a peak around 1598 cm-1, 

which is the G band of rGO, is obviously observed, indicating the formation of rGO. 

While D band of rGO at 1340 cm-1 has not been clearly shown, which might be 

attributed to the overlap with the peak at 1322 cm-1 of Fe2O3. As a result, the full width 

at half maximum peak (FWHM) values around 1322 cm-1 for rGO/Fe2O3 and CoOOH-

rGO/Fe2O3 are significantly larger than that of Fe2O3 and CoOOH/Fe2O3 (Figure S5). 

However, no characteristic vibrational modes of CoOOH at 499, 575 and 634 cm-1 were 

observed,[53] possibly owing to the weak vibrational intensity or the overlap with the 

vibrational modes of Fe2O3. 

The optical properties of the samples were examined by UV-Vis diffuse reflectance 

(UV-vis DRS) and photoluminescence (PL) spectroscopies. The Fe2O3 exhibits an 

absorption edge at approximately 590 nm (Figure 2c), corresponding to the band gap 

of 2.1 eV. After the introduction of rGO and/or CoOOH onto Fe2O3, no significant 

difference was observed in UV-vis DRS, which suggests a negligible contribution to 

PEC performance caused by optical absorption. The PL emission, originating from the 

recombination of the separated electrons and holes, could reflect the separation, 

migration and transfer of photogenerated charges. As shown in Figure 2d, a strong 

emission peak around 440 nm for all samples could be attributed to the band-band PL 

phenomenon.[51,54] The strongest PL intensity for Fe2O3 indicates serious charge 

recombination occurs in Fe2O3. The PL intensity decreases obviously after the 

decoration with rGO or CoOOH onto Fe2O3, and further declines in CoOOH-
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rGO/Fe2O3. The decreased PL intensity reveals the suppressed recombination of 

electrons and holes in the samples. The weakest PL intensity of CoOOH-rGO/Fe2O3 

indicates both CoOOH and rGO can greatly benefits the separation of electron-hole 

pairs.[55] 

Figure 3 (a) The survey spectra, (b) Fe 2p, (c) Co 2p and (d) O 1s of Fe2O3, rGO/Fe2O3, 

CoOOH/Fe2O3 and CoOOH-rGO/Fe2O3.

To determine the chemical states of CoOOH on the surface of the samples, X-ray 

photoelectron spectroscopy (XPS) was carried out. The survey spectra identify the 

presence of Fe, Co, O and C species in corresponding sample (Figure 3a). The Fe 2p 

XPS spectra shows two major peaks at 711.0 (2p3/2) and 724.4 eV (2p1/2), matching 

well with the characteristic Fe(III) in Fe2O3 (Figure 3b). The binding energy of Fe 2p 

for rGO/Fe2O3 shows a slightly positive shift of ca. 0.3 eV, indicating an intimate 
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interaction between rGO and Fe2O3, which will facilitate charge transfer in the 

composite electrode.[39,49,56] In contrast, the binding energy of Fe 2p in 

CoOOH/Fe2O3 is detected with slight negative-shift compared with Fe2O3, indicating 

charge transfer from CoOOH to Fe2O3. After combined with rGO and CoOOH, Fe 2p 

peaks shift close to the position of that in Fe2O3, suggesting a reversed effect of rGO 

and CoOOH toward Fe2O3. This effect would be beneficial for the migration of 

photogenerated charges in different directions. Figure 3c shows the similarity of Co 2p 

core-level spectra for CoOOH/Fe2O3 and CoOOH-rGO/Fe2O3, indicating the same 

states of Co species existing in the samples. The further deconvolution for Co 2p spectra 

exhibits the binding energies at 780.0 and 795.2 eV for Co3+ 2p3/2 and 2p1/2 

respectively. The binding energies at 781.5 and 797.5 eV for Co2+ 2p3/2 and 2p1/2 

respectively. The results suggest the coexistence of Co3+ and Co2+ species in CoOOH. 

[47,57,58] Of note, the peak intensity for Co3+ is obviously stronger than that of Co2+, 

indicating Co species dominates +3 oxidation state. The O 1s spectra show clear 

variation with various samples (Figure 3d). For bare Fe2O3, two peaks can be well fitted 

at the binding energy of 529.8 and 531.2 eV, corresponding to the lattice O (Fe-O) and 

the lattice hydroxyl group (Fe-OH). The O 1s for rGO/Fe2O3 shows three peaks at 529.8, 

531.2 and 532.3 eV, matching well with the lattice O (Fe-O), the lattice hydroxyl group 

(Fe-OH) and the O in adsorbed water accordingly. While O1s spectra for both 

CoOOH/Fe2O3 and CoOOH-rGO/Fe2O3 were deconvoluted into three peaks at 529.8, 

531.2 and 531.9 eV, which could be assigned the lattice O (Fe-O, Co-O), lattice 

hydroxyl group (Fe-OH, Co-OH) and the adsorbed hydroxyl group (OH-) from the 
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hydrolysis process. The C 1s for all samples were deconvoluted at the binding energies 

of 284.8, 286.5 and 288.2 eV, corresponding to the C species in C-C with the sp2 orbital, 

C-O and C=O respectively (Figure S6).[47,57,58] The C species in Fe2O3 and 

CoOOH/Fe2O3 might originate from the residual C or the absorbed C during the 

fabrication process or exposure to ambient. It is note that, the intensities for both C-O 

and C=O are almost negligible comparing with that of C-C in rGO/Fe2O3 and CoOOH-

rGO/Fe2O3, indicating GO has been completely reduced to rGO under the designed 

experimental conditions.[38] 

PEC water oxidation performance for Fe2O3, rGO/Fe2O3, CoOOH/Fe2O3 and 

CoOOH-rGO/Fe2O3 were first examined by linear sweep voltammetry (LSV) method 

(Figure 4a). The bare Fe2O3 exhibits a relatively low photoresponse over the entire 

potential window, with a photocurrent density (J) of ca. 0.78 mA cm-2 at 1.23 V vs. 

RHE. Both rGO/Fe2O3 and CoOOH/Fe2O3 show obviously enhanced photocurrent 

densities in whole potential range, with 1.29 mA cm-2 and 2.06 mA cm-2 at 1.23 V vs. 

RHE, respectively. The CoOOH-rGO/Fe2O3 shows the best PEC performance with the 

photocurrent density of 2.57 mA cm-2 at 1.23 V vs. RHE, suggesting a synergistic effect 

of rGO and CoOOH in PEC process. The onset potentials for water oxidation were 

further analyzed with Butler method.[11] CoOOH/Fe2O3 and CoOOH-rGO/Fe2O3 

show a cathodic shift of onset potential by ca. 150 mV from 0.81 V to 0.66 V, compared 

with that of Fe2O3 and rGO/Fe2O3(Figure 4b). This result indicates the modification 

with CoOOH could reduce the energy barrier of water oxidation on Fe2O3 and thus 

facilitate the water oxidation kinetics. The similar cathodic shift of the onset potential 
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of water oxidation in the dark also demonstrates the positively catalytic effect of 

CoOOH (Figure S7). The photoresponse for the four photoanodes was also examined 

by the transient photocurrent measurement under chopped light irradiation (Figure 4c). 

As seen, all photoanodes sharply respond to the light on/off. Moreover, it also indicates 

the photocurrent occurs at much lower applied potential on CoOOH/Fe2O3 and 

CoOOH-rGO/Fe2O3, further demonstrating the efficiency of CoOOH decoration for 

water oxidation. The applied bias photon-to-current conversion efficiency (ABPE) for 

each photoanode was calculated below thermodynamic potential of water oxidation (i.e., 

1.23 V vs. RHE). As shown in Figure 4d, ABPE for CoOOH-rGO/Fe2O3 exhibits a 

maximum value (0.30%) at 0.99 V, which is slightly larger than that for CoOOH/Fe2O3 

(0.28% at 0.97 V), but much larger than that for rGO/Fe2O3 (0.10% at 1.05 V) and 

Fe2O3 (0.08% at 1.04 V). The incident-photon-to-current conversion efficiency (IPCE) 

was further carried out to investigate the photo-response of each photoanode as a 

function of the irradiation wavelengths (Figure 4e). In the full wavelength range, IPCE 

values vary on photoanodes following the order of CoOOH-rGO/Fe2O3 > 

CoOOH/Fe2O3 > rGO/Fe2O3 > Fe2O3. The largest IPCE values shown by CoOOH-

rGO/Fe2O3 in the all samples also confirm the synergistic effect of CoOOH and rGO 

on PEC performance. The long-term PEC performances of the photoanodes were 

measured by chronoamperometric i-t curves at 1.23 V vs. RHE under illumination 

(Figure 4f). No decrease in current density was observed in 2-hour test on the all 

photoanodes, indicating the species bound on the surface of Fe2O3 are 

photoelectrochemically stable. 
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Figure 4 (a) LSV curves, (b) Butler plots, (c) LSV curves under chopped light, (d) 

ABPE curves, (e) IPCE curves and (f) i-t curves of Fe2O3, rGO/Fe2O3, CoOOH/Fe2O3 

and CoOOH-rGO/Fe2O3.
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UV-vis absorption property of Fe2O3, the theoretical maximum photocurrent density 

(Jabs) was calculated to be 4.54 mA cm-2, assuming 100% IPCE for incident photons 

(Figure S8).[60,61] Owing to negligible difference on UV-vis DRS for Fe2O3, 

rGO/Fe2O3, CoOOH/Fe2O3 and CoOOH-rGO/Fe2O3 (Figure 2c), the value of 4.54 mA 

cm-2 was used as Jabs to calculate the values of ηsep for all photoanodes. The photocurrent 

densities in the presence/absence of SO3
2- are plotted in Figure S9 and the 

correspondingly calculated ηsep and ηinj are plotted as function of potential and displayed 

in Figures 5a and 5b. As shown in Figure 5a, a significantly promoted ηsep is observed 

in rGO/Fe2O3 (40.8% at 1.23 V) and CoOOH/Fe2O3 (48.2% at 1.23 V) compared with 

that of bare Fe2O3 (26.6% at 1.23 V). This result indicates the charge recombination is 

remarkably inhibited via the decoration of rGO or CoOOH on Fe2O3. Again, the largest 

ηsep of 55.4% at 1.23 V exhibited by CoOOH-rGO/Fe2O3 in these samples suggests a 

synergistic effect of CoOOH and rGO on the charge separation in Fe2O3. As clearly 

seen for ηinj from Figure 5b, the two photoelectrodes modified with CoOOH exhibit 

much higher values than the other two without CoOOH. This indicates CoOOH plays 

a greatly important role in enhancing the charge transfer from electrode surface to 

electrolyte. It is noted that, compared with rGO/Fe2O3, Fe2O3 photoelectrode showed a 

higher ηinj value in the low potential range (0.8~1.2 V) but a lower value in the high 

potential range (>1.2 V). This might be attributed to the surface defects which could 

also act as active centers for PEC water oxidation, even though they can act as 

recombination centers for photogenerated charges. All above observations clearly 

indicate that rGO can facilitate the charge separation and CoOOH not only can do so 
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but also can enhance the charge transfer. 

The charge transfer behavior was further examined by electrochemical impedance 

spectroscopy (EIS). As shown in Figure 5c, Nyquist plots for all photoanodes 

demonstrate two semicircles, which can be assigned to the internal charge transfer 

resistances in the bulk of photoanode (Rbulk) and at the interface of 

photoanode/electrolyte (Rtrap).[62,63] The smaller diameters of Rbulk and Rtrap suggest a 

fast charge transfer in the bulk and at the surface of the photoanode, respectively.[63,64] 

Both parameters were evaluated by fitting the Nyquist plots with the equivalent circuit 

model (the inset in Figure 5c), in which Rs is the series resistances in the electrochemical 

cell, Ctrap and Cbulk are the capacitance at the surface and in the depletion layer of the 

photoanode, respectively. As shown in Table S1, Rbulk values for the photoanodes with 

rGO (79.7Ω for CoOOH-rGO/Fe2O3 and 103.8Ω for rGO/Fe2O3) are significantly 

smaller than that for the others without rGO (197.2Ω for CoOOH/Fe2O3 and 221.5Ω 

for Fe2O3). This clearly indicates rGO could improve the bulk electrical conductivity 

of the photoanode. In addition, Rtrap values for the photoanodes with CoOOH (471.1Ω 

for CoOOH-rGO/Fe2O3 and 629.5Ω for CoOOH/Fe2O3) are much smaller than that of 

the others without CoOOH (2117Ω for rGO/Fe2O3 and 2588Ω for Fe2O3). This result 

suggests CoOOH helps to enhance the charge transfer at the photoanode/electrolyte 

interface. The results are in line with the above analyses on ηsep and ηinj. To gain further 

insights into the impacts of CoOOH and rGO on charge behavior, Mott-Schottky (M-

S) experiments for the samples were performed (Figure 5d). The flat band potential (ca. 

0.62 V) of Fe2O3 and/or rGO/Fe2O3 is cathodically shifted to ca. 0.47 V for 
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CoOOH/Fe2O3 and/or CoOOH/rGO/Fe2O3. This cathodic shift is probably due to the 

efficient hole transfer from the bulk of Fe2O3 to its supported CoOOH, promoting the 

surface water oxidation reaction.[9,65] This result might be attributed to the reduction 

of Fermi level pinning effect caused by the surface state change of Fe2O3 after the 

decoration of CoOOH. Furthermore, the carrier densities (Nd) calculated from the 

slopes of M-S plots are 1.70×1019, 2.80×1019, 8.82×1019 and 9.97×1019 cm-3 for Fe2O3, 

rGO/Fe2O3, CoOOH/Fe2O3 and CoOOH-rGO/Fe2O3, respectively (Table S2). The 

remarkably increased Nd indicates CoOOH plays much more effective roles for carrier 

separation and thus improve the electrical conductivity and enhance PEC water 

oxidation. 
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Figure 5 (a) The charge separation efficiency (ηsep), (b) the charge injection efficiency 

(ηinj), (c) Nyquist plots, (d) Mott-Schottky (M-S) curves, (e) OCP profiles under 

illumination and in dark and (f) potential dependent carrier lifetime for Fe2O3, 

rGO/Fe2O3, CoOOH/Fe2O3 and CoOOH-rGO/Fe2O3. The inset of (c) shows the 

equivalent circuit for EIS fitting. 

To investigate the kinetics of charge transfer in the photoanodes, the dark/light open 

circuit potentials (OCPs) were measured. Figure 5e shows the potentials for all samples 

cathodically shift once the light is on, in accord with the characteristic of n-type 
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semiconductors.[66] The OCP value for Fe2O3 in darkness is at 0.84 V vs. RHE, while 

that for rGO/Fe2O3, CoOOH/Fe2O3 and CoOOH-rGO/Fe2O3 positively shift to 0.91, 

1.03 and 1.05 V, indicating the elimination effects of rGO and CoOOH on the surface 

states of Fe2O3.[67] Figure S10 shows the difference of OCP before and after 

illumination (ΔOCP=OCPdark-OCPlight) on these samples. It is obvious that 

CoOOH/Fe2O3 and CoOOH-rGO/Fe2O3 have larger ΔOCP, compared with that of 

Fe2O3 and rGO/Fe2O3. In other words, CoOOH/Fe2O3 and CoOOH-rGO/Fe2O3 show 

higher photovoltages than Fe2O3 and rGO/Fe2O3, implying an increased band bending 

at the interface of CoOOH/Fe2O3 and CoOOH-rGO/Fe2O3 photoelectrodes with 

electrolyte. This means that CoOOH significantly promote the kinetics of charge 

separation and transfer at the interface of electrode and electrolyte.[61,66,68] To further 

illustrate the enhanced charger transfer kinetics, the lifetime of the generated charges 

(τn) after the light off as a function of OCP is calculated. As shown in Figure 5f, the 

charge lifetime shows in the order of CoOOH-rGO/Fe2O3 ≈ CoOOH/Fe2O3 < 

rGO/Fe2O3 < Fe2O3, which further indicates the faster charge transfer in CoOOH-

rGO/Fe2O3 and CoOOH/Fe2O3 photoelectrodes.
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Figure 6 IMPS spectra of (a) Fe2O3, (b) rGO/Fe2O3, (c) CoOOH/Fe2O3 and (d) 

CoOOH-rGO/Fe2O3 under different applied potentials; (e) the surface charge 

recombination (krec) rate constants, (f) the surface charge transfer (ktr) rate constants for 

Fe2O3, rGO/Fe2O3, CoOOH/Fe2O3 and CoOOH/rGO/Fe2O3; and, A representation for 

the holes transfer rates at 1.2 V vs. RHE over (g) Fe2O3 and (h) CoOOH/rGO/Fe2O3 via 

different pathways.

In order to understand how rGO or CoOOH improves PEC water oxidation, the 

kinetics of charge transfer and recombination on the surface of these samples were 

quantified by intensity modulated photocurrent spectroscopy (IMPS) in the potential 

range of 0.6 to 1.6 V vs. RHE (Figure 6a-d). All IMPS plots are shown with two 
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semicircles character (Figure S11). The first semicircle in the 4th quadrant is related to 

the charge transfer process in the bulk (that is, the transient time of the electron, τd) and 

determined by the RC time constant of the photoelectrode in the high frequency range. 

The second semicircle in the 1st quadrant is related to the balance between the charge 

recombination (krec) and the charge transfer (ktr) on the surface.[69] The analysis of 

IMPS thus gives the values of τd, krec and ktr.[70-72] Figure S12 shows the τd values are 

roughly in the order of Fe2O3 (0.148 ms) < rGO/Fe2O3 ≈ CoOOH-rGO/Fe2O3 (0.196-

0.260 ms) < CoOOH/Fe2O3 (0.453 ms). This phenomenon might be related to the 

migration pathway of the photogenerated electrons on the photoelectrode. The Fe2O3 

photoelectrode showed the lowest value of τd in all samples. We speculate that only 

electrons which are close to the FTO substrate can be captured and those far away from 

the FTO will be recombined during the long-distance migration (Scheme S1a) in Fe2O3 

photoelectrode. On the contrary, the effective electrons for CoOOH/Fe2O3 might come 

from the distant region (Scheme S1b), like the terminal of Fe2O3 nanorods, owing to 

the typical tree-like structure of CoOOH/Fe2O3. As for rGO/Fe2O3, the larger τd of 

rGO/Fe2O3 would be attributed to the transient retention of electrons on rGO (Scheme 

S1c). The smaller τd of CoOOH-rGO/Fe2O3 than that of CoOOH/Fe2O3, with the 

comparable τd of rGO/Fe2O3, suggesting rGO plays an important role that modulate the 

migration of electrons from Fe2O3 nanorods to FTO substrate (Scheme S1d).[70-72] 

Figure 6e shows the surface recombination rate constants (krec) at different potentials. 

The similar krec values for rGO/Fe2O3 with that for bare Fe2O3 indicate the surface 

passivation caused by rGO is slight. In contrast, krec values for CoOOH/Fe2O3 and 
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CoOOH-rGO/Fe2O3 are significantly lower than that of bare Fe2O3 and rGO/Fe2O3, 

suggesting CoOOH causes much more powerful passivation of the surface states of 

Fe2O3. The comparison of charge transfer rate constants (ktr) seems much more 

complicated than that of krec and two potential regions can be distinguished for the 

samples (Figure 6f). For potentials lower than 0.9 V vs. RHE, ktr shows the order of 

rGO/Fe2O3 < Fe2O3 < CoOOH/Fe2O3 ≈ CoOOH-rGO/Fe2O3, clearly indicating the 

enhanced charge transfer promoted by CoOOH. Conversely, for bias at higher than 0.9 

V vs. RHE, rGO/Fe2O3 and Fe2O3 photoanode yield comparable even higher ktr values 

than that of CoOOH/Fe2O3 and CoOOH-rGO/Fe2O3. For instance, ktr value is 7.5±1.0 

s-1 for Fe2O3 and rGO/Fe2O3 at 1.2 V vs. RHE, which is higher than these of 

CoOOH/Fe2O3 and CoOOH-rGO/Fe2O3 (3.5±0.5 s-1). This result might be owing to the 

instinct stronger thermodynamic driving force of the holes on valence band of Fe2O3 

(2.48 V vs. RHE) than that of Co3+/Co2+ redox potentials (1.55 V vs. RHE).[75] A 

representation is schematically shown in Figures 6g and 6h to understand the hole 

transfer rates over Fe2O3/electrolyte and Fe2O3/CoOOH/electrolyte interface at higher 

potential of 1.2. Although Fe2O3 and rGO/Fe2O3 have a higher ktr value than 

CoOOH/Fe2O3 and CoOOH-rGO/Fe2O3, their large krec values finally results in low 

PEC activity (the trend of the photocurrents in Figure 4a). 

Based on the above discussions, a mechanism of rGO and CoOOH jointly boosting 

PEC water oxidation is proposed. Due to the instinct poor conductivity, short hole 

diffusion length and rich surface states, Fe2O3 shows poor electron transfer and serious 

recombination in the bulk and at the surface (Scheme 2a) [5]. With the incorporation of 
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rGO, the photogenerated electrons in Fe2O3 are induced to drift into network owing to 

the binding energy alignment between rGO and Fe2O3.[38,39] Therefore, the lifetime 

of these localized electrons is prolonged, corresponding to the suppressed charge 

recombination and the slightly enhanced charge separation. The decoration of CoOOH 

leads to the reduced surface states and the increased band bending at the interface of 

photoelectrode/electrolyte, thus the photogenerated holes would easily migrate to 

CoOOH and subsequently the surface recombination is reduced (Figure S15b). With 

the decoration of rGO combined with CoOOH, the electron transfer was improved, as 

well as the bulk and the surface recombination were significantly suppressed (Scheme 

2b). And ultimately, CoOOH-rGO/Fe2O3 exhibits significantly boosted PEC water 

oxidation performance, compared with that of Fe2O3. It should be noted that, even 

though ktr over CoOOH-rGO/Fe2O3 is comparably lower than that of Fe2O3, the 

combined effect from the improved electron transfer, the enhanced bulk charge 

separation and the significantly suppressed surface recombination still makes CoOOH-

rGO/Fe2O3 possess much more excellent PEC activity.
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Scheme 2 Charge transfer mechanism in CoOOH-rGO/Fe2O3 photoanode.

Furthermore, a plausible water oxidation mechanism occurring at CoOOH-

rGO/Fe2O3 electrode for boosted PEC water oxidation is elucidated in Scheme 3. Under 

illumination, Fe2O3 generates electron-hole (e_-h+) pairs, which are subsequently 

separated to electrons and holes. The photogenerated electrons are then transferred to 

FTO substrate easily via the conductive rGO network, and ultimately to Pt counter 

electrode for H2 generation. Meanwhile, the photogenerated holes (h+) are transferred 

to CoOOH, in which Co2+/Co3+ species trap holes to form Co3+/Co4+ species [30]. 

Subsequently Co3+/Co4+ act as active sites for water oxidation to produce oxygen (O2). 

It is thus believed that the significant enhancement in PEC performance of CoOOH-

rGO/Fe2O3 is ascribed to the improved electron migration, enhanced charge separation, 

efficient holes capture and transfer, and significantly suppressed surface recombination 

caused by spatially separated CoOOH and rGO.

3 Conclusion

A facile hydrothermal process combining with a chelation-mediated in-situ growth 

route was developed to fabricate spatially separated rGO and CoOOH co-incorporated 

Fe2O3 photoanode. The as-prepared CoOOH-rGO/Fe2O3 achieves a remarkably 

enhanced photocurrent density of ca. 2.57 mA cm-2 at 1.23 V vs. RHE in alkaline 

electrolyte, significantly higher than that of CoOOH/Fe2O3, rGO/Fe2O3 and Fe2O3. The 

enhanced PEC performance for CoOOH-rGO/Fe2O3 is attributed to the synergistic 

effect of CoOOH and rGO: the rGO serves as electron transfer channel to accelerate 

the electron transfer from Fe2O3 to FTO substrate, and CoOOH as oxygen evolution 
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cocatalysts enhances the charge separation and the holes transfer. The kinetics study of 

charge transfer on the surface of CoOOH-rGO/Fe2O3 by IMPS suggests that the effect 

of CoOOH on promoting charge separation in Fe2O3 is more pronounced than that on 

enhancing holes transfer from Fe2O3 to the electrolyte. The suppression of the charge 

recombination and the electron transfer are demonstrated as two key factors to improve 

toward making highly efficient Fe2O3 photoelectrodes. This synthesis  strategy of co-

incorporating rGO and CoOOH can be used for other analogous photoanodes, such as 

TiO2, WO3, BiVO4 etc., to achieve highly efficient PEC systems.
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