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����������

The present work compares oxygen evolution reaction (OER) in electrocatalysis and 

photocatalysis in aqueous solutions using nanostructured NiFeOx as catalysts. The impacts of pH 

and reaction temperature on the electrocatalytic and photocatalytic OER kinetics were 

investigated. For electrocatalysis, a NiFeOx catalyst was hydrothermally decorated on Ni foam. 

In 1 M KOH solution, the NiFeOx electrocatalyst achieved 10 mA cm
/2

 at an overpotential of 
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 2

260 mV. The same catalyst was decorated on the surface of Ta3N5 photocatalyst powder. The 

reaction was conducted in the presence of 0.1 M Na2S2O8 as a strong electron scavenger, thus 

likely leading to the OER being kinetically relevant. When compared with the bare Ta3N5, 

NiFeOx/Ta3N5 demonstrated a 5/fold improvement in photocatalytic activity in the OER under 

visible light irradiation, achieving a quantum efficiency of 24 % at 480 nm. Under the conditions 

investigated, a strong correlation between the electrocatalytic and photocatalytic performances 

was identified: an improvement in electrocatalysis corresponded with an improvement in 

photocatalysis without altering the identity of the materials. The rate change at different pH was 

likely associated with electrocatalytic kinetics that accordingly influenced the photocatalytic 

rates. The sensitivity of the reaction rates with respective to the reaction temperature resulted in 

an apparent activation energy of 25 kJ mol
−1

 in electrocatalysis, whereas that in photocatalysis 

was 16 kJ mol
−1

. The origin of the difference in these activation energy values is likely attributed 

to the possible effects of temperature on the individual thermodynamic and kinetic parameters of 

the reaction process. The work described herein demonstrates a method of “transferring the 

knowledge of electrocatalysis to photocatalysis” as a strong tool to rationally and quantitatively 

understand the complex reaction schemes involved in photocatalytic reactions.  

 

�	
���
� 

 Photocatalysis, electrocatalysis, oxygen evolution reaction, nickel/iron oxide, kinetics 
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 3

The conversion of solar energy using semiconductor powder suspension systems has attracted 

significant attention due to its potential for an economic and scalable production of clean 

energy.
1/6

 The classical photocatalyst powder mainly consists of two components: a 

semiconductor powder as a photon absorber and electrocatalyst particles (often called cocatalyst) 

on the semiconductor surface. The added cocatalyst is considered to have dual functions: 

improving charge separation and electrocatalysis. However, few studies have quantitatively 

investigated the relationship between electrocatalytic and photocatalytic performances. On the 

one hand, electrocatalytic rates are separately measurable by electrochemical means by precisely 

controlling the applied potential. On the other hand, photocatalytic rates are measurable only by 

quantifying evolved gases and thus lack information on the potentials of materials under working 

conditions. Catalyst potentials on semiconductors have only been captured with probe molecules 

utilizing spectroscopic techniques.
7/8

 

Our ongoing efforts include improving photocatalytic efficiencies by using tantalum nitride 

(Ta3N5) as a photon absorber. The Ta3N5 photocatalyst exhibits an n/type character with relative 

stability during photocatalytic oxygen evolution reaction (OER),
9/13

 possessing a bandgap of 

approximately 2.1 eV, which corresponds to a theoretical solar/to/hydrogen conversion 

efficiency of 15.9 %.
14

 Importantly, our previous work on Ta3N5 thin films for the 

photoelectrochemical OERs noted the necessity of surface decorations for successful 

photocatalytic OER. Ta3N5 suffers from very low carrier transport properties and fast carrier 

recombination (<10 ps) in the absence of surface modification despite its suitable absorption in 

the visible/light range.
15

 Several studies have focused on modifying Ta3N5 photocatalyst surfaces 

with cocatalysts,
15/19

 e.g., cobalt oxide.
19

 A highly active OER electrocatalyst is desirable as a 

catalyst for a successful photocatalytic water splitting reaction. Recently, literature has re/
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 4

discovered that the edge/sharing octahedral NiFeOx catalyst exhibits one of the highest OER 

activities in alkaline solution.
20/23

 Specifically, a study disclosed that NiFeOx synthesized by 

pulsed/laser ablation required a mere 260 mV overpotential at 10 mA cm
/2

.
23

 Another report 

demonstrated a stable NiFeOx performance at an onset potential below 1.5 V on the reversible 

hydrogen electrode (RHE) scale.
22,24

 

The present study investigated an efficient photocatalytic OER using a Ta3N5 photocatalyst 

decorated with a NiFeOx catalyst. The study attempted to transfer the knowledge obtained in 

electrocatalysis into photocatalysis. Such an effort is effective because the electrocatalytic can 

quantitatively determine a potential/activity correlation, which would be difficult in a 

photocatalytic suspension system. The photocatalytic reaction was conducted in the presence of 

0.1 M Na2S2O8 as a strong electron scavenger, thus likely leading to the OER being a kinetic 

bottle/neck. We focused on the sensitivity of electrocatalytic and photocatalytic rates on solute 

concentration and temperature. Our comprehensive discussion also addressed the temperature 

dependency of associated parameters, such as photophysical processes in the semiconductor and 

ion migration in solution (e.g., solution resistance). We claim that correlating electrochemical 

measurement with photocatalysis is a strong tool to understanding the photocatalytic process.  

 

	��	���	������	������

������� ���������: Nanostructured porous NiFeOx on Ni foam (NF, 1.6 mm thick, pore size 

0.5 mm, 48/52 cells/inch, 7500 m
2
/m

3
, Nilaco) was synthesized by a simple and scalable 

hydrothermal approach as described in the literature.
25

 In a typical synthesis procedure, 1.03 

mmol of Ni(NO3)2·6H2O (99.999 %, Sigma/Aldrich), 0.990 mmol of Fe(NO3)2·9H2O (99.99 %, 

Sigma/Aldrich) and 5.00 mmol of CO(NH2)2 (> 99.5 %, Sigma/Aldrich) were first mixed in 80 
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 5

mL of an aqueous solution under vigorous stirring at room temperature for 10 min. The solution 

was transferred into a 50/mL Teflon/lined stainless/steel autoclave. The NF substrate was placed 

in the solution after cleaning with 0.1 M HCl in an ultrasound bath for 5 min to remove the 

native surface oxide layer. Further washing was conducted with Milli/Q water (18.2 kJ) and 

ethanol in the ultrasound bath for 5 min. The sealed autoclave was transferred to an oven to carry 

out a heat treatment out at 393 K for 12 h. Notably, the precipitation of Ni and Fe nitrides was 

induced by the decomposition of urea at the elevated temperature (which releases a mixture of 

ammonium and carbonate ions).
25/27

 For the control experiment, monometallic Ni or Fe on the 

NF was prepared in the same manner. 

���� � ���������: Ta3N5 semiconductor photocatalyst was prepared from as/purchased 

crystalline Ta2O5 (≥99.99 % metal basis, <5 µm, Sigma/Aldrich) by applying direct NH3 

nitridation at a high temperature.
16,28 

A total amount of 0.5 g Ta2O5 was wrapped in quartz wool 

and placed in a tube furnace (inner diameter: 26 mm) to provide a homogeneous nitrided 

product. The tube furnace was initially purged with N2 before the introduction of NH3 flow at 

room temperature. The furnace temperature was raised to 1173 K at a heating rate of 5 K min
−1

. 

Nitridation was conducted at the temperature for 15 h under an NH3 flow of 200 mL min
−1

. The 

sample was allowed to cool to room temperature inside the tube furnace under NH3 flow. 


�!"#���"��"$����� �%����������: A total amount of 1 g of Ta3N5 was added into 30 mL 

aqueous solution that contained between 4.21 to 25.3 mM of both of Ni(NO3)2·6H2O and 

Fe(NO3)2·9H2O. The mixture was stirred for 4 h and then transferred into a 50/mL Teflon/lined 

stainless/steel autoclave. A heat treatment was carried out at 393 K for 12 h, and the solution was 

allowed to cool to room temperature. The resultant suspension was repeatedly centrifuged. The 
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 6

obtained powder after filtration in Milli/Q water was dried in an oven at 353 K for 12 h. Also, 

the Ta3N5 semiconductor was decorated with NiOx in the same manner. 

���#�!��#�&���"��: The crystal structure was analyzed by X/ray diffraction (XRD) with a 

Bruker D8 Advanced A25 diffractometer in the Bragg/Brentano geometry (with Cu/Kα, at 40 kV 

and 40 mA) using a linear position sensitive detector (opening 2.9°). The diffractometer was 

configured with a 0.44° diverging slit, a 2.9° antiscattering slit, 2.5° Soller slits, and a nickel 

filter to attenuate the contributions from Cu/Kβ fluorescence. Data sets were acquired in 

continuous scanning mode over a 2θ range of 10 – 80°. X/ray photoelectron spectroscopy (XPS) 

spectra were obtained with an AMICUS KRATOS using Mg/Al anodes at 12 kV and 10 mA. A 

peak maximum of C 1s at 284.6 eV was used as an internal standard to correct the binding 

energies. Induced coupled plasma (ICP) measurements were performed using an ICP/OES 

Varian 72 ES, and the loaded amounts of catalysts are reported using the measured values. 

Scanning electron microscopy (SEM) images were collected on a Nova Nano 630 scanning 

electron microscope from FEI Company. Transmission electron microcopy (TEM) images of the 

samples were captured at 300 kV with a Titan G2 80/300 CT microscope (FEI Company, 

Hillsboro, OR), which was equipped with an EDS detector, a post/column energy filer, and a 

charged/coupled device (CCD) camera. TEM specimens were prepared by placing a small 

amount of a sample on holey carbon/coated gold (Au) grids. Fast/Fourier transform (FFT) 

analyses were applied to various regions of the high resolution TEM (HRTEM) micrographs to 

investigate the crystal structure. Bright/field TEM (BF/TEM) micrographs and the 

corresponding selected/area electron diffraction (SAED) patterns were acquired to study the 

sample morphology and crystal structure. Energy dispersive spectroscopy (EDS) analyses were 

also performed to investigate the elemental compositions of the samples. High/angle annular 
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 7

dark/field scanning TEM (HAADF/STEM) analysis was used to verify the formation of NiFeOx. 

Electron energy/loss spectroscopy (EELS) spectra were collected at 300 kV in diffraction mode 

on a post/column filter. The optical properties of the powder samples were studied by diffuse/

reflectance ultraviolet/visible (DR/UV/vis) spectroscopy with a JASCO model V/670 

spectrophotometer equipped with an integrating sphere. The spectra were scanned from 1100 to 

200 nm using halogen and deuterium lamps as light sources. Contributions from scattering were 

removed using the Kubelka/Munk function. 

	'�!�#"!��(�!�'�(���)#�(���: The electrochemical measurements of NiFeOx/NF, NiOx/NF, 

FeOx/NF and bare NF were conducted in a three/electrode system connected to a Bio/Logic 

VMP3 electrochemical workstation. In all measurements, a Pt wire and a Hg/HgO (1.0 M 

NaOH) were used as counter and reference electrodes, respectively. Various concentrations (0.01 

– 1 M) of KOH and NaOH (99.99 %, Sigma/Aldrich) were used as electrolyte solutions. The 

linear sweep voltammograms (LSVs) were recorded at a scan rate of −1 mV s
−1

. All potentials 

were measured with respect to Hg/HgO, which was kept at 298 K, and reported on the RHE 

scale. All current/potential relations in this study were reported with iR corrections. Solution 

resistances R were measured by impedance spectroscopy (100 kHz, 10 mV amplitude).  

��"�"!���'���!�(���)#�(���: NiFeOx/Ta3N5 samples were tested for photocatalytic OER in 

the presence S2O8
2−

 as an electron scavenger. In a typical experiment, 0.1 M Na2S2O8 was 

dissolved in 100 mL H2O with various concentrations (0.01 – 1.0 M) of NaOH or KOH. Then, 

50 mg of NiFeOx/Ta3N5 was suspended in the corresponding solution and stirred for 10 min with 

a magnetic stirrer prior to the measurement. The photocatalytic reactions were carried out in a 

circulating batch reactor connected to a gas chromatograph (GC: Bruker 450 GC, TCD, Ar gas, 

molecular sieve 13X) equipped with a vacuum line.
29

 The temperature of the reactor was 
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 8

controlled with a water circulation system. It should be noted that the pressure influence of the 

batch reactor caused by the increased temperature was taken into consideration. Before 

irradiation, the reaction vessel was degassed several times to remove air. Then, 100 Torr Ar gas 

was introduced into the photocatalytic system. A Xe lamp (CERMAX PE300/BF, 300 W) was 

used as a light source, and the irradiation wavelength was controlled with a combination of a 

cold mirror and a water filter (350 < λ < 800 nm). A cut/off filter (HOYA L 42) was used on the 

aforementioned light source (420 < λ < 800 nm). The light intensity was measured using a 

spectroradiometer (EKO, LS/100). The homogeneity of the solution during the reaction was 

maintained by agitation with a magnetic stirrer.  

 

�	��������
�
����������

���#�!��#�&���"��"$��������"�����$"�(���*����� �+"%*�#�

Figure 1A shows a transmission electron microscopy (TEM) image of NiFeOx, revealing a 

nanoflake/like morphology (see also Figures S1 and S2 for more images). The corresponding 

electron energy/loss spectroscopy (EELS) spectrum shown in Figure 1B confirms a uniform 

mixture of Ni and Fe in the product. Figure 1C shows a compiled X/ray diffraction (XRD) 

pattern of the as/prepared NiFeOx electrocatalyst. The XRD pattern exhibited the weak 

characteristic of layered double hydroxide material with crystallographic planes (003), (006), 

(009) and (110), in good agreement with the literature.
30

 The weak signals suggest that most of 

the oxides remained amorphous in nature. No extra characteristic peaks were detected from the 

patterns, indicating that there were no detectable impurities in the products.  

The TEM and STEM images of NiFeOx/Ta3N5 before and after photocatalytic reactions are 

shown in Figures S3 and S4. A large extent of the Ta3N5 surface was covered with NiFeOx 
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 9

catalyst, which had a similar nanoflake morphology surrounded by amorphous phases. The 

corresponding EELS spectra in Figure S3D confirmed the presence of NiFeOx catalysts on the 

Ta3N5 surface. Additionally, as observed in Figure S4, the NiFeOx/Ta3N5 catalyst did not show 

any significant differences after the photocatalytic reactions. 

The XRD patterns of Ta3N5 and NiFeOx/Ta3N5 are shown in Figure S5. The d/spacings 

observed for the initial material correspond to Ta3N5 with an orthorhombic structure (Cmcm) as 

the major phase.
16,28

 Two additional smaller peaks at 2θ = 29° and 32.7°, ascribable to TaON 

phase, which originates from incomplete nitridation, were also observed. Upon hydrothermal 

treatment, there is no change in Ta3N5 phase observed. Additionally, the NiFeOx phase in 

NiFeOx/Ta3N5 was not evident from the XRD pattern, consistent with the amorphous nature of 

NiFeOx.  

The chemical state of the NiFeOx catalyst was further refined by the XPS analysis (Figure S6). 

Figures S6A and B show the XPS spectra of Ni 2p and Fe 2p in the NiFeOx catalyst, 

respectively. All spectra of Ni 2p and Fe 2p showed two prominent peaks and satellites; typical 

XPS spectra of the transition metal 2p spectra.
31

 At the Ni core level, two peaks at 873.1 and 

855.4 eV, and two satellites at 879.5 and 861.1 eV were observed. These spectra are indicative of 

Ni(OH)2 or NiOOH with a Ni 2p3/2 binding energy close to 855.4 eV and a Ni 2p1/2 binding 

energy close to 873 eV.
22,23,31/33

 The presence of NiO can be ruled out because it is generally 

distinguished from the oxyhydroxides from a multiplet splitting of the Ni 2p3/2 core level at 855.4 

and 853.7 eV.
 22,23,31/33

 

The Fe 2p core level spectra display peaks at 724.1 and 711. 2 eV, which correspond to 2p3/2 

and 2p1/2, respectively.
22,23,31,34

 These spectra are consistent with the binding energies of iron 

oxides and oxyhydroxides as previously reported. However, unlike those for the Ni 2p spectra, it 
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 10

was difficult to distinguish the Fe phases from the XPS spectra because the various iron oxides 

(e.g., FeO, Fe2O3, and Fe3O4) and oxyhydroxides (e.g., FeOOH) have similar Fe 2p core levels 

and peak shapes.
23,31,34

 The XPS spectra of O 1s (Figure S6C) exhibited one broad peak centered 

at 530.3 eV, which is assigned to adventitious oxygen species. 

The Ni 2p and Fe 2p core level spectra of NiFeOx/Ta3N5 (Figures S6A and B) confirmed the 

existence of NiFeOx catalysts on the Ta3N5 surface. The peaks positions after the photocatalytic 

reaction did not show significant differences when compared with those observed in the NiFeOx 

catalyst. This suggests a similar oxidation state of the NiFeOx present on the outer surface as 

prepared. The Ta 4f core level spectra of NiFeOx/Ta3N5 before and after the photocatalytic 

reaction are compared in Figure S6E. The XPS spectra of Ta 4f exhibited two peak maxima at 

binding energies of 24.7 eV for Ta 4f7/2 and 26.7 eV for Ta 4f5/2, which are characteristic for 

Ta3N5.
16

 Figure S6F displays two peaks at 403.5 and 396 eV attributed to the Ta 4p3/2 and N 1s 

of the metal nitride (Ta/N), respectively.
16

  

The DR UV/Vis spectra in the Kubelka/Munk function of the Ta3N5 and NiFeOx/Ta3N5 

samples are shown in Figure S7. Both samples had band edge absorption at approximately 600 

nm, which are attributable to electron transitions from the N 2p orbitals to the empty Ta 5d 

orbitals.
16,19,28

  

 

	'�!�#"!��(�!�'���,����-���"��"$��������

The electrochemical OER performance of the prepared NiFeOx supported on NF was 

investigated. Figure 2 compiles LSVs for the OER over NiFeOx/NF in various alkaline 

electrolyte solutions. As a reference, polarization curves over a bare NF are also depicted. In all 

cases, the current densities monotonically increased with applied potential. In both NaOH and 
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 11

KOH electrolytes, NiFeOx showed significantly higher current densities than the bare NF, 

consistent with the literature.
22,24,35/39

 Additionally, larger current densities were observed in 

denser solutions, most likely due to a positive kinetic order in hydroxide ions for the OER.
24

 

Importantly, the NiOx/NF catalyst showed an improved performance over the bare NF (Figure 

S8). However, the OER performance of the NiFeOx/NF catalyst was much superior to that of the 

NiOx/NF catalyst (Figure S8), consistent with the involvement of Fe species in the catalytic cycle 

as reported.
40,41

 Figure S9 shows a small Tafel slope of approximately 40 mV dec
−1

 over the 

NiFeOx/NF catalyst, consistent with the literature.
36

  

The OER was further investigated electrochemically at various temperatures. Figure 3A 

compiles Tafel analyses of the OER at 279, 300, 325 and 346 K in 1.0 M NaOH. At these 

temperatures, the currents increased with the applied potential. Clear linear relationships between 

the current densities on the logarithmic scale and the potentials were observed for all temperature 

regimes; however, a slight decrease in the Tafel slope with temperature was observed (see also 

Figures S10 and S11). From the experimental current/potential relationship in Figure 3A, the 

value of a current at zero/overpotential i0 (E = 1.23 V vs. RHE) was extracted. The obtained i0 is 

compiled against temperature as shown in Figure 3B. In the form of Arrhenius plot, the 

following relation: 

( )
( )

,0ln

1

a appEd i

d T R
= − ,          (1) 

is empirically well confirmed, where Ea,app is the apparent activation energy, R is the gas 

constant and T is the absolute temperature. From the slope obtained in Figure 3B, the activation 

energy was calculated with Equation 1. The obtained activation energy in our system was found 

to be 25 ± 12 kJ mol
−1

 (See also the supporting information for further discussions on the 

activation energy). Although we were unable to locate any data in the literature on the activation 
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 12

energy for OERs using NiFeOx, several values were reported in alkaline environments for other 

materials, e.g., Ni:
42

 75 kJ mol
−1

 and NiCoOx:
43

 71 kJ mol
−1

. The activation energy of NiFeOx 

was much smaller than the other aforementioned materials reported in the literature and was 

consistent with the higher OER performance over NiFeOx in Figures 2 and S8. Further detailed 

discussions can be found in the supporting information regarding the derivation of the rate 

expression. 

 

��"�"!���'���!���,����-���"��"$��������

The NiFeOx catalyst was immobilized on the surface of Ta3N5 by a hydrothermal method that 

was similar to the method of deposition on NF. Upon successful dispersion (see Figures S3 and 

S4 for the TEM images, Figure S5 for the XRD patterns, Figure S6 for the XPS spectra, and 

Figure S7 for the UV/Vis spectra), the photocatalytic activity of NiFeOx/Ta3N5 was tested for the 

OER using Na2S2O8 as an electron scavenger. The photocatalytic OER activities of 

NiFeOx/Ta3N5 were first tested with different NiFeOx loadings and compared with the bare 

Ta3N5; the results are shown in Figure S12 (see also Table S1 for the ICP analysis). The OER 

rate improved from 100 to 200 µmol h
−1

 with increasing NiFeOx loading from 0.7 to 2.2 wt%, 

achieving QE up to 24% at 480 nm (see Figure S13 for full action spectra). Also, the 

NiFeOx/Ta3N5 showed a stable performance for longer than 15 h (Figure S14). Further increasing 

the NiFeOx loading to 2.8 wt% did not improve the OER rate but instead significantly reduced 

the rate to 50 µmol h
−1

. This behavior has generally been observed in the powder system due to 

the competitive light absorption by the semiconductor photocatalysts and the cocatalysts, and the 

requirement of both reduction and oxidation sites.
14,44/47

 Ta3N5 treated in the same hydrothermal 

condition (without loading NiFeOx) gave similar photocatalytic performance compared to the 

Page 12 of 38

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 13

non/treated Ta3N5, suggesting that the improvement of photocatalytic activity was not due to the 

hydrothermal treatment of Ta3N5, but to the presence of NiFeOx catalyst decorated onto Ta3N5. 

The photocatalytic activity of Ta3N5 after hydrothermal treatment remained low in the absence of 

NiFeOx catalyst (Figure S15).  

It is well/known that the photocatalytic OER proceeds more efficiently under alkaline 

conditions; however, the effects of hydroxide ion concentration have not been thoroughly 

investigated.
48,49 

Hence, in line with the electrochemical study, we examined the effects of 

hydroxide ion concentration on the photocatalytic OER over 2.1 wt% NiFeOx/Ta3N5. The 

photocatalytic OER was studied in KOH and NaOH for hydroxide ion concentrations of 0.01 M, 

0.1 M, and 1 M, and the results are shown in Figure 4. The OER rate was slightly increased with 

increasing hydroxide ion concentration from 0.01 M to 0.1 M for both NaOH (Figure 4A) and 

KOH (Figure 4B). Further improvement was observed when the hydroxide ion concentration 

reached 1 M. However, the comparison of pH effects (i.e., hydroxide ion concentration effect) on 

the OER in the electrochemical study (Figure 2) with those in the photocatalytic activity study 

(Figure 4) is not straightforward because a few of the intrinsic properties of the Ta3N5 

semiconductor are known to be directly affected by the pH change. Oxide semiconductors have 

been shown to tend to undergo flatband potential (EFB) changes at different pH due to Helmholtz 

layer (VH) alterations at the semiconductor/electrolyte interface. Generally, the pH change will 

introduce a flatband position shift with respect to the redox potentials in the electrolyte.
50

 In the 

case of nitride material, this effect has not been well investigated. Our experimental results at pH 

12 and 13.5 found an approximately 0.2 V difference in the EFB for Ta3N5 as shown in Figure 

S16. This finding is in accordance with the literature where the EFB change at different pH was 

observed for GaN and Ta3N5 but to a different extent.
9,51

 Nevertheless, the fact that the EFB on 
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 14

the SHE scale changed with pH did not necessarily indicate a potential for the Ta3N5 

photocatalyst to drive the OER increases. According to the Nernst equation, the reduction and 

oxidation standard potentials of water on the SHE scale also depend on the pH. If we carefully 

compare these values, the pH dependence of the EFB shift was approximately −133 mV pH
−1

, 

whereas the shift in the OER standard potential was −59 mV pH
−1

 on the SHE scale. These 

values could indicate that if the change in the EFB had a significant impact on the OER, then 

denser hydroxide solutions would provide smaller driving forces for the OER and result in a 

lower reaction rate. However, this contradicts the experimental observations: hence, it is unlikely 

that the observed improvement of the photocatalytic OER was due to the EFB change. Therefore, 

we can alternatively assign the improvement of the photocatalytic OER rate to the enhanced 

surface OER as observed from the electrochemical study (Figure 2). 

The effect of light intensity on the photocatalytic OER activity was examined from 4 to 20 × 

10
22

 photon h
/1

, and the results are shown in Figure 5. The OER rate increased as the light 

intensity increased, but no linear relationship was observed (approximately 0.66 order 

dependence). Generally, a linear relationship between the reaction rate and the light intensity in 

photocatalytic reaction is observed in lower light intensity regions below 1 × 10
22 

photon h
/1

. At 

higher intensity regions, the photocatalytic reaction rate is typically proportional to the square 

root of the light intensity.
44,46,47

 The observed non/linear behavior of the photocatalytic reaction 

rate with respect to the light intensity was likely due to the accumulation of electrons and holes 

on the surface prior to the redox reaction on the cocatalyst. The photocatalytic OER rate/light 

intensity relation mechanism will be further discussed later in detail. 

A further photocatalytic study was conducted at different temperatures to investigate the 

apparent activation energy. Unlike ordinary chemical reactions, the activation energy for a 
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 15

photocatalytic reaction is not simply associated with the rate constant of the rate determining step 

(rds). In our study, we employed Na2S2O8 as a strong electron scavenger to accelerate the 

electron consumption process, which in turn will make the OER as the kinetically relevant step. 

Hence, we attempted to apply a similar concept of rds to our photocatalytic system. The 

photocatalytic OER activity was studied at different temperatures from 275 K to 348 K in 1 M 

NaOH. As depicted in Figure 6, the photocatalytic OER activity increased with increasing 

temperature. The activation energy was calculated from the Arrhenius plot and found to be 16 

±1.5 kJ mol
−1

. This value is in the range of reported activation energies for the photocatalytic 

overall water splitting reaction or the photocatalytic OER in the presence of electron scavenger. 

For instance, the activation energy for the OER over Rh2/y/CryO3/(Ga1/xZnx)(N1/xOx) was 

reported to be 9 kJ mol
−1

.
24,46,47

 Similarly, for overall water splitting, an activation energy of 8 kJ 

mol
−1 

was reported for (Ga1/xZnx)(N1/xOx) loaded with a Rh2/y/CryO3 cocatalyst and 15 kJ mol
−1

 

when loaded with a Ni cocatalyst.
24,46,47

 

�"(+�#��"��.��%�����'�!�#"!��(�!�'���*�+�"�"!���'���!��	��

The OER was separately investigated in electrochemical and photocatalytic systems. The 

electrochemical investigation revealed an apparent activation energy of 25 kJ mol
−1

, whereas that 

of the photocatalytic OER with an electron scavenger was 16 kJ mol
−1

. The difference between 

these values will be compared hereafter. As an initial attempt, the photocatalytic OER rate 

equation was derived from the consumption (reaction/recombination) and transport 

(migration/diffusion) of photoexcited charges (see Figure S17 for the detail scheme of 

photoexcited carriers kinetics).
25

 The reaction can be expressed as: 

2 .e h O red
react

r

K K k k I
v

k

α
= ,         (2)  
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 16

where vreact is the overall rate of the photocatalytic reduction and oxidation reactions (i.e., in this 

case: S2O8
2/

 reduction and OER, respectively); kh1, k’h1, kh2, k’h2, kO, ke, k’e, and kred. are the rate 

constants for corresponding photoexcited carriers; α is the absorption coefficient of the 

semiconductor; and I is the incident light intensity. This equation applies when the light intensity 

is large and when edark

−    and kr are small, which is the case in our study as described in the 

photocatalysis section (see the supporting information for the detailed derivation). Under such 

conditions, the overall rate of the photocatalytic OER is proportional to square root of the 

equilibrium constant of the electrons between the surface and bulk, the equilibrium constant of 

the holes between the surface and cocatalyst, the OER constant, the reduction rate constant, the 

absorption coefficient of the material, the light intensity and the inverse of the recombination 

reaction rate. According to Equation 2, the overall activation energy for the photocatalytic OER 

can be smaller than that for the electrochemical OER when the summation of the involved rate 

constants other than kO are larger (smaller Ea) than kO and the equilibrium constants are smaller 

(smaller ∆G), i.e., {∆Ge + ∆Gh2 + Ered. + exp(αI) − ∆Gr} < EO. Notably, the apparent kO is 

potential dependent in the photocatalytic system. In terms of electrochemistry, usually the 

activation energy without overpotential isolation decreases with the overpotential (see the 

supporting information for more details)). Nevertheless, even if such is the case, the other 

involved activation energy and Gibbs free energy terms have to be small enough to have a 

smaller apparent activation energy in the photocatalytic OER than that of the electrochemical 

OER. Therefore, the obtained smaller apparent activation energy in the photocatalytic OER still 

indicates the surface reaction dominates the overall reaction rate expression. 

Other temperature dependent terms have to be addressed to effectively compare the two 

systems. When the photocatalytic reaction was varied by changing the temperature, a few of the 
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intrinsic properties of the Ta3N5 semiconductor are anticipated to change. The relationship 

between temperature and bandgap energy is described by the Varshni equation shown below:
52

 

E

E
gg

T

T
ETE

β
α
+

−=
2

)0()( ,         (3) 

where Eg(0) is the bandgap energy at absolute zero on the Kelvin scale of the given material, and 

αE and βE are material/specific constants that are generally in the range of 10
/4

 and 200 – 600, 

respectively. Considering that the temperature change in our experiment is only from 275 to 348 

K, the bandgap energy change is negligible (ca. 0.01 eV). 

In photocatalytic reactions, carrier density is related to carrier transport and affects the 

conductivity and degree of band bending. The carrier density is in a function of the effective 

density of states in the appropriate band (i.e., conduction for n/type, valence for p/type), the 

Fermi level in the material (which is a function of temperature and dopant concentrations), and 

the temperature as given by the following equations:
52

 








 −
=

Tk

EE
Nn

B

CF
C exp  with 

2

3

2

*2
2 








=

h

Tkm
N Be

C

π
,     (4) 








 −
=

Tk

EE
Np

B

FV
V exp  with 

2

3

2

*2
2 








=

h

Tkm
N Bh

V

π
,     (5) 

where n is the electron density, p is the hole density, NC is the density of states in the conduction 

band, NV is the density of states in the valence band, EC is the conduction band energy level, EV 

is the valence band energy level, EF is the Fermi energy level, kB is the Boltzmann constant, and 

T is temperature. The temperature dependence of the carrier density in a doped semiconductor 

(like that in Ta3N5) generally results in three different behaviors for different temperature ranges 

(i.e., ionization, extrinsic, and intrinsic). At low temperatures (T <100 K), the carrier 
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concentration is low, and the donor electrons are bound to the donor atoms. At 100 K, the 

ionization region forms, and the carrier concentration is solely determined by doping because all 

atoms are ionized. In this region, there is only enough latent energy in the material to push a few 

of the dopant carriers into the conduction band. As the temperature increases to the extrinsic 

region (100 K < T < 400 K), all dopant carriers are energized into the conduction band, and there 

is very little thermal generation of additional carriers. In this region, an increase in temperature 

produces no increase in carrier concentration. At higher temperatures (T >400 K) the carrier 

concentration increases with temperature because the number of thermally generated carriers 

exceeds the dopant carrier. In the temperature range where our experiment was conducted (i.e., 

275 – 348 K), the change in carrier density was negligible according to the extrinsic region. 

Carrier mobility is an important parameter in photocatalytic reactions. It is proportional to the 

diffusion coefficient of the carrier that affects the diffusion current in a semiconductor 

photocatalyst.
53,54

 The effect of temperature on carrier mobility is related to impurity scattering 

and phonon scattering. Impurity scattering is influenced by the presence of charged impurities, 

such as those originating from crystal defects. Increasing the temperature will increase the lattice 

vibration and thereby limit the carrier mobility. The carrier mobility is limited by phonon 

scattering as the temperature change by approximately T
/3/2

.
52

 On the other hand, the impurity 

scattering decreases as the temperature increases; this increases the mobility by a factor of 

approximately T
3/2

. However, the effect of impurity scattering is often observed only at very low 

temperatures. A direct correlation between the carrier mobility and temperature is generally 

expressed by an empirical formula obtained from experimental results. In this regard, the 

temperature dependence of the carrier mobility is also affected by the carrier density, where a 

significant carrier mobility decrease is often observed for a low carrier density semiconductor 
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(approximately 10
/17

 cm
/3

). Due to the lack of information on the empirical formula for carrier 

mobility as a function of temperature, we estimated the carrier mobility change as shown in 

Figure S18. Under our experimental conditions, the carrier mobility change with increasing 

temperature was expected to be negligible.  

As has been discussed, all the critical parameters associated with the semiconductor properties 

(i.e., bandgap, carrier density and carrier mobility) were found to be most likely unaltered within 

the studied temperature regime. Apart from the semiconductor properties, there are several 

aspects that are influenced by the system temperature. 

First, the Gibbs free energy of water splitting was altered by the reaction temperature. Figure 

S19 shows the calculated changes in the Gibbs free energy and the corresponding reversible 

voltages with temperature.
55

 A reduction of the reversible potential by approximately 50 mV was 

observed when the temperature increased from 298 K to 353 K. Notably, the potential of the 

working electrode during the electrochemical study was measured against the reference 

electrode, which was kept at 298 K. The decrease in the reversible voltage improved the apparent 

photocatalytic processes at elevated temperatures (due to a larger overvoltage at higher 

temperature).  

The temperature in the water splitting system has a major influence on the mass transport in 

the electrolyte. As the reaction rate increases, the diffusion becomes problematic. If we simply 

consider the Fick’s law in conjunction with the Nernst/type diffusion, the following equation is 

obtained: 

bc c
J D D

x x

∂
= − = −

∂
,         (6) 

where D is the diffusion coefficient, cb is the concentration at the bulk of electrolyte and x is the 

diffusion layer thickness. When this equation is applied to hydroxide ion diffusion with DOH− = 
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5.27 × 10
−5

 cm
2
 s

−1
,
55

 x = 0.05 cm (typical value in unstirred system) and cb = 1.0 × 10
−3

 mol 

cm
−3

, the hydroxide ion flux was calculated to be approximately 100 mA cm
−2

 at 298 K. Of note, 

the surface area in the unit corresponds to the actual surface area rather than the geometric 

surface area. The mass transport also varies with temperature due to the temperature dependence 

of the diffusion coefficient. The following equation (Stokes/Einstein equation) provides a 

theoretical description of the diffusion coefficient:
56

 

6

kT
D

aπ �
=            (7) 

where k is Boltzmann’s constant and a represents the ion radius. The equation indicates that the 

diffusion coefficient proportionally increases with temperature. Furthermore, the viscosity of the 

solution 6 decreases with temperature, which in turn further increases the diffusion coefficient. 

At a substantial reaction rate, the increase in mass transport may enhance the apparent reaction 

rate if the mass transport flux is significantly smaller than the reaction rate. Under such 

conditions, the measured apparent activation energy becomes smaller than the true apparent 

activation energy. In our photocatalytic system, no stirring rate influence was empirically 

confirmed, excluding such possibility. 

One of the most critical parameters that significantly influences the aqueous phase 

electrochemical process efficiency is the solution resistance.
57

 Because the surface 

electrochemical redox reaction proceeds during the photocatalytic process, this aspect seems 

more or less problematic for the photocatalytic reaction as well. According to the Stokes model, 

the solution resistance can be theoretically described as follows:
56,58,59

 

2

6
cell

a
R K

z ecF

π�
= ,          (8) 
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where Kcell is the cell constant; ν denotes the solution viscosity; a represents the effective sizes of 

the ion; z is the valence of the ion; c represents the solute concentration; e is the elementary 

charge and F is Faraday’s constant. The measured relative solution resistance was plotted against 

temperature in Figure S20. The figure shows drastically decreasing solution resistances with 

temperature. At 348 K, the solution resistance of 1.0 M NaOH was approximately 80 % of that at 

298 K. Although the solution resistance is not directly in a function of temperature, the included 

parameters, such as the viscosity of the electrolyte solution, are temperature dependent. Figure 

S20 also compiles the relative viscosity of a sodium hydroxide solution.
60

 The viscosity more 

significantly decreases with temperature than the measured solution resistance, implying the 

existence of other parameters that depend on temperature. Because the solution resistance was 

empirically measured at working conditions, higher reaction rates at elevated temperatures likely 

induced more bubble formation on the surface. The formed bubbles at high reaction rates are 

known to increase the solution resistance.
61,62

 Overall, the reduction in the solution resistance 

with increasing temperature will certainly improve the apparent reaction rate at a given potential, 

due to a smaller iR drop in the system. 

Another factor that affects the aqueous phase gas evolution reaction and changes with 

temperature is the solubility of gases. Gas solubility is associated with the size of bubbles formed 

during water electrolysis, which alters the solution resistance.
57,61

 The following equation 

(Sechenov equation) has been empirically confirmed for describing the gas solubility in the 

electrolyte solution:
62

 

,0log G

s

G

c
Kc

c

 
= 

 
,          (9) 
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where cG,0 and cG are the gas solubilities in pure water and in the electrolyte, respectively; K is 

the Sechenov constant, which depends on the salt, the gas and the temperature; and cs is the salt 

concentration. The Sechenov equation was later extended by Schumpe:
62

 

( ),0

,0log G

i G i

G

c
h h c

c

 
= + 

 
∑ ,         (10) 

where hi and hG,0 represent the ion and gas specific constants, respectively. With respect to the 

temperature dependent solubility, Schumpe further extended the relation with the following 

modified gas specific parameter: 

( ),0 0G G Th h h T T= + − ,         (11) 

where hG is the gas specific parameter at the temperature of T, hT is the parameter describing 

temperature dependence of gas specific parameter, and T0 is the standard temperature (298.15 

K).
63

 These equations were adopted to our system (1.0 mol L
−1

 NaOH and 279 K < T < 346 K) 

with hi(Na
+
) = 0.1143, hi(OH

−
) = 0.0839, hG,0(O2) = 0 and hT(O2) = −0.334 × 10

−3
 m

3
 kmol

−1
. 

The calculated oxygen solubility is plotted against temperature in Figure S21. As expected from 

the negative hT, the oxygen solubility was observed to increase with temperature. The increase in 

the solubility induces fewer bubble formation, which in turn reduces the solution resistance 

locally.
61

 Therefore, regarding the solution resistance, a higher temperature provides a less 

viscous solution and a larger gas solubility, which reduces the solution resistance. However, the 

resultant smaller solution resistance leads to a higher reaction rate, which causes the formation of 

more bubbles on the surface and increases the solution resistance to some extent. 

In summary, this section compared the obtained activation energies in the electrochemical and 

photocatalytic OER. Our detailed discussion revealed that all critical parameters associated with 

the semiconductor properties (i.e., bandgap, carrier density and carrier mobility) were likely 
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unaltered in the studied temperature regime. Thus, the acquired smaller apparent activation 

energy in the photocatalytic OER likely implies that the surface OER was the bottle/neck process 

during the photocatalytic OER. However, our detailed discussion also disclosed the importance 

of isolating the altered parameters with temperature in a photocatalytic system, such as ion 

migration (solution resistance) and surface potential.  

 

������������

This study elucidates the impact of solute and temperature on electrocatalysis (on NF) and 

photocatalysis (on Ta3N5 with Na2S2O8 as an electron scavenger) using the common NiFeOx 

catalyst. The NiFeOx/Ta3N5 photocatalyst showed a quantum efficiency greater than 20 % in the 

visible range. The rates increased in more alkaline conditions (0.01 – 1.0 M hydroxide ion) for 

both electrocatalysis and photocatalysis, suggesting that the OER at the Ta3N5 surface 

predominantly determined the overall photocatalytic rates under the investigated conditions. 

Activation energies of approximately 25 and 16 kJ mol
−1

 were found for the electrocatalytic and 

photocatalytic OER, respectively. The lower temperature dependence (smaller apparent 

activation energy) in the photocatalysis relative to the electrocatalytic half reaction was 

associated with the other involved steps. The changes in the photophysical properties (e.g., 

bandgap, Fermi energy, and carrier density) were nearly insensitive to temperature in our studied 

conditions. However, electron/hole migration and diffusion were found to be kinetically faster 

than the surface redox reactions. Because the rate constant for electrochemical reaction is 

potential dependent, the activation energy is dependent on the operating potential for steady state 

photocatalysis. This fact indicates that the apparent activation energy of photocatalysis appears 

to be smaller than that for the electrochemical half reaction where the overpotential term is 
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effectively excluded. Additionally, temperature alters ion migration in the liquid phase (solution 

resistance); however, the short distance over which the redox reactions occur on the 

photocatalyst surface may minimize these effects. Our present report provides an effective 

strategy to investigate the degrees of contribution of the surface redox reaction during 

photocatalytic process to the overall reaction rates. Such a careful investigation can pin down the 

direction of our research effort, which leads to photocatalysis by design concept toward efficient 

solar fuel production. 

 

�
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�)++"#���-���$"#(���"�. Additional experimental details and characterization data are 

supplied in Supporting Information. This material is available free of charge via the Internet at 

http://pubs.acs.org. 

 

���/���������������

�"##��+"�*��-��)��"#�

*E/mail: kazuhiro.takanabe@kaust.edu.sa��

Website: http://catec.kaust.edu.sa 

Tel: (Office) +966 12 808 4485 

�)��"#��"��#�.)��"���

Page 24 of 38

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 25

The manuscript was written with contributions from all authors. All authors have given 
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��-)#��3: (A) TEM image, (B) EELS spectrum and (C) XRD pattern of NiFeOx/NF. 
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��-)#��1: Linear/sweep voltammograms using a bare NF and NiFeOx/NF catalysts in 0.1 and 1.0 

M of (A) NaOH and (B) KOH with bubbling O2 (conditions: 1 mV s
−1

, 298 K).  
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��-)#���: (A) Tafel plots for the anodic polarization over NiFeOx/NF measured by 

chronoamperometry in 1.0 M NaOH with bubbling O2 and (B) corresponding Arrhenius plot. 
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��-)#��4: Photocatalytic activity time courses of O2 evolution for 2.1 wt% NiFeOx/Ta3N5 in (A) 

NaOH and (B) KOH of various concentrations. (0.1 M Na2S2O8, 100 mL, under visible light 

irradiation (420 < λ<800 nm)).  
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��-)#�� : Photocatalytic activity time courses of O2 evolution for 2.1 wt% NiFeOx/Ta3N5 with 

various light intensities. (0.1 M Na2S2O8, 1.0 M NaOH, 100 mL, under visible light irradiation 

(420 < λ<800 nm)).  

 

  

Page 36 of 38

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 37

 

��-)#��6: (A) Photocatalytic activity time courses of O2 evolution for NiFeOx/Ta3N5 at various 

temperatures (0.1 M Na2S2O8, 1.0 M NaOH, under visible light irradiation (420 < λ<800 nm)),  

 and (B) corresponding Arrhenius plot.  
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