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Summary 
1. A photoanode based on a BiVO4 semiconductor coupled with atomic layer deposited nickel oxide

was exploited for the photoelectrocatalytic water and glycerol decomposition. The performance of

the assembled architecture rivals that of state-of-the-art materials, e.g. TiO2.

2. A family of Y1.8M0.2Ru2O7−δ pyrochlore oxides was investigated as model catalysts for the oxygen

evolution reaction (OER) in order to reveal the physical origin of the metal substitution effect on the

catalytic activity. The fundamental understanding obtained enabled us to propose new general

guidelines towards the design of materials with enhanced OER performance.

3. A member of the novel family of two-dimensional materials, single metal site-substituted Mo2CTx

(Tx = O, OH, F) MXene, was explored as an electrocatalyst for the hydrogen evolution reaction

(HER). Excellent activity and stability in HER make Mo2CTx:Co a promising candidate to replace

platinum for the large scale hydrogen production from water.
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1 Introduction 

1.1 Background information and current situation 

Molecular hydrogen H2 is a promising energy carrier, which can be used directly in emission free fuel 

cell devices,1-2 or in hydrogenation reactions to produce high-energy-density chemicals such as 

ammonia3 or methanol.4 Conventionally, hydrogen is produced by the reforming of fossil fuels thus 

contributing appreciably to industrial CO2 emissions.5 Electrolysis of water6 offers a potentially 

sustainable alternative way for H2 synthesis, if coupled with renewable electricity sources such as wind, 

hydropower or sunlight-driven photovoltaics.7-8 Complementing water splitting, the 

(photo)electrochemical (PEC) oxidation of cheap and abundant organics or biomass feedstocks (e.g. 

glycerol) is an emerging field with enormous potential for the production of hydrogen and value added 

chemicals.9-10 While the splitting of water into H2 and O2 is highly endothermic (ΔGº = 237 kJ mol−1), 

requiring a minimum cell voltage of ΔEº = 1.23 V, supplemented by the reaction overpotential (typically 

> 0.5 V to achieve industrially relevant current densities), the dehydrogenative reforming of abundant

carbohydrates or alcohols requires a relatively low external energy input. Moreover, the products of the

partial oxidation of organic feedstocks can be of high market value. Yet the highly efficient catalysts

composed of abundant elements for the reforming of organic species are not developed, in part as a

result of a limited fundamental understanding of the reaction pathways of the organics valorisation to

selectively produce H2 and valuable oxygenates. In this regard, formulating the new fundamental design

principles leading to the synthesis of novel catalysts would be highly beneficial for the area.

The use of semiconductor electrodes in a photoelectrochemical setup allows to reduce considerably the

reaction overpotentials, paving the way towards unbiased solar-driven photocatalysis.11 In the present

study, we evaluate the performance of BiVO4-based photoanodes for the photoelectrocatalytic reforming

of glycerol, C3H5(OH)3. Glycerol, a side product of biodiesel production, is a highly abundant and

inexpensive chemical formed during the transesterification of triglycerides with methanol (one mole of

glycerol is generated per three moles of biodiesel,12 which corresponds to ca. 100 kg of glycerol

produced per ton of biodiesel). Oxidation, or the partial dehydrogenative reforming of glycerol, can in

principle generate a plethora of the high value-added chemicals, e.g. 1,3-dihydroxyacetone,

glyceraldehyde, tartronic acid, glycolic acid or hydroxypyruvic acid (Scheme 1). On the other hand, the

complete dehydrogenative decomposition of one mole of glycerol can generate up to four moles of

hydrogen at a relatively low energy input (ΔG = 3.9 kJ molglycerol
−1).13 Therefore, glycerol has a potential

to be used in both H2 generating electrolyzers and direct alcohol fuel cells.14-15

Scheme 1. Products of electrochemical glycerol reforming identified in the literature. Products found in this study are shown in bold. 
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1.2 Purpose of the project 

The efficiency of the photoelectrochemical production of fuels from water/organics decomposition 

reactions relies primarily on the properties of the three essential components: (1) semiconducting 

material, which serve as photoanode/photocathode, enabling the conversion of the energy of irradiation 

into a chemical potential; (2) (co-)catalyst, which can be coupled with a photoabsorber, for the anodic 

half-reaction (water/organics oxidation half-reaction, which is the major source of the energy losses); in 

case of organics (glycerol) decomposition, the co-catalyst also strongly affects the reaction selectivity; 

(3) (co-)catalyst for the cathodic hydrogen evolution reaction (HER). Thus, the research program 

targeted to provide insights into the design of efficient materials for the applications outlined above. 

1.3 Objectives 

1.3.1. Bismuth vanadate selected in this study has been identified as one of the most promising 

photoanodes, exploited initially for water splitting.16 In its monoclinic phase, BiVO4 is a photoactive n-

type semiconductor with a bandgap of 2.4 eV,17-18 i.e. it absorbs in the visible light range. However, 

unmodified BiVO4 features low catalytic activity in photoelectrochemical water oxidation. To enhance 

kinetics, improve charge transport characteristics and reduce surface recombination of the photo-

generated charge carriers in BiVO4, different strategies have been employed, i.e. aliovalent doping or 

deposition of co-catalysts for the oxygen evolution reaction.19 Despite these advances, BiVO4 remained 

so far underutilized for the reforming of abundant organic feedstock molecules to H2 and partially-

oxidized value-added organic chemicals. 

1.3.2. Highly active OER catalysts demonstrate excellent performance in catalysis for further oxidation 

reactions, particularly in glycerol oxidation. Towards this goal, we targeted to establish a rational design 

principles of complex oxide catalysts for oxygen evolution, which can be used for the design of novel 

compositions for OER and, hence, glycerol oxidation. As a model system, we have selected the 

A2Ru2O7−δ pyrochlore family due to its high activity in oxygen evolution and the structural flexibility of 

pyrochlores enabling the incorporation of various substituents both on the A and B site. 

1.3.3. Platinum is the state-of-the-art catalyst for the hydrogen evolution reaction, however low 

abundance and high cost of Pt preclude its widespread implementation motivating for the search of new 

catalytically active materials comprised of earth-abundant elements. In this regard, early transition metal 

carbides can be seen as promising candidates for the use in commercial electrolyzers.20  

2 Procedures and methodology 

The synthesis of the materials was performed using published (BiVO4, A2Ru2O7−δ) or original techniques 

developed in this study (Mo2CTx:M, ALD-deposited NiOx on BiVO4). Characterization of the composition 

and morphology of the materials was performed using powder X-ray diffraction (XRD), scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). X-ray photoelectron spectroscopy 

(XPS), X-ray absorption spectroscopy (XAS) and DFT calculations were employed to reveal the 

electronic features of the materials. (Photo)electrochemical measurements were performed using 

standard electrochemical techniques using commercial or custom-made two- or three-compartment 

electrochemical cells with or without illumination. Product analysis for glycerol oxidation reaction was 

performed using high performance liquid chromatography (HPLC) and 1H and 13C NMR techniques. 

Degradation of the electrode materials was followed by inductive coupled plasma (ICP) analysis. 
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3 Results and discussion 

3.1. Engineering BiVO4-based photoanodes for solar-driven valorisation of glycerol 

To improve water/glycerol oxidation kinetics and mitigate anodic photocorrosion of BiVO4, we have 

applied atomic layer deposition (ALD), which enabled us to produce a uniform overcoating of BiVO4 with 

metal oxide of a desired composition. Such an overlayer can serve as a protection coating preventing 

BiVO4 from dissolution and as a co-catalyst for anodic water/glycerol oxidation. Nickel oxide was 

selected as the material of choice due to its high activity for water oxidation in different environments.21 

Electrodes containing W-doped BiVO4 films on fluorine doped tin oxide (FTO) coated glass substrates 

were fabricated by a slightly modified electrodeposition-calcination method.22-23 The tungsten dopant 

was introduced into BiVO4 during the calcination step in order to enhance the bulk charge transfer 

efficiency of the material24 (denoted W:BiVO4). Nickel oxide was coated onto W:BiVO4-based electrodes 

via atomic layer deposition (ALD)25 using pulses of nickelocene (Ni(η5-C5H5)2, NiCp2) and H2O at 250 

C. The as-deposited NiOx/W:BiVO4 electrodes (Ni content of 0.65 at%) were used for PEC 

measurements without further thermal treatment.  

 

 

 
Figure 1. (a) XRD patterns of BiVO4 (ICDD No. 01-083-1699), W:BiVO4 and as deposited NiOx/W:BiVO4. The peaks corresponding to the 
FTO substrate are indicated by squares. (b) HRTEM, HAADF-STEM, and EDX elemental mapping images of electrochemically activated 
NiOx/W:BiVO4 electrodes. Overlay of the (c) Ni 2p and (d) O 1s core level XPS signals of as-deposited and electrochemically activated 
NiOx/W:BiVO4.  

 

X-ray diffraction (XRD) pattern of the as-synthesized W:BiVO4 matches that of a monoclinic scheelite 

reference (No. 01-083-1699, ICDD database, Fig. 1a). No additional peaks were observed in the 

diffraction pattern of NiOx/W:BiVO4, i.e. after atomic-layer-deposition of NiOx onto W:BiVO4 (Fig. 1a). 

The NiOx/W:BiVO4 electrodes were subjected to five anodic scans, from −0.05 to 1.50 VRHE in 0.5 M 

potassium borate buffer solution (KBi, pH = 9.3), and then used for glycerol oxidation. Such 

electrochemical activation yields NiOy(OH)z species (denoted NiOx) in the form of uniformly distributed 

crystallite nanoparticles on the surface of W:BiVO4, according to high-resolution transmission electron 

microscopy (HRTEM), high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) and energy dispersive X-ray spectroscopy (EDX) elemental mapping (Fig. 1b). XRD of 

the anodically-activated NiOx/W:BiVO4 electrodes is identical to that of the as prepared NiOx/W:BiVO4. 
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The surface composition and valence states of as-deposited and anodically activated NiOx were probed 

by X-ray photoelectron spectroscopy (XPS). The Ni 2p core level XPS spectrum of as-deposited NiOx 

reveals features ascribed to metallic Ni, Ni2+ and Ni3+ at 852.9, 854.7 and 855.7 eV, respectively, while 

an additional feature at a higher binding energy (denoted as intersite, 856.9 eV) can be ascribed to the 

presence of defects in the nickel (oxy)hydroxide structure (Figure 1c).26 As expected, anodic activation 

increased the relative amount of oxidized nickel species (NiOx(OH)y), evidenced by the much enhanced 

intensity of the feature at 855.7 eV. The O 1s core level spectrum (Figure 1d) of the as-deposited and 

activated NiOx/W:BiVO4 films can be deconvoluted into four components: lattice oxygen (OL, 529.5 eV), 

lattice oxygen sites located in the vicinity of oxygen vacancies/defects (OV, 531 eV), surface oxygen 

species (Osurf, 532 eV), and adventitious species (weakly bound adsorbed water/CO2, Oadv).27 

Comparison of the spectra of the as-deposited and activated films reveals a distinct increase in the 

concentration of surface oxygen groups for the electrochemically activated films, i.e. an increase from 2 

to 42 %, consistent with the formation of layered Ni(OH)2/NiOy(OH)z species with a highly exposed 

surface.28 

To investigate the performance of NiOx/W:BiVO4 electrodes in photoelectrochemical glycerol oxidation, 

PEC studies were carried out using a custom-made, two-compartment cell with an anion-exchange 

membrane. As glycerol decomposition can generate a plethora of the high market value chemicals (e.g. 

1,3-dihydroxyacetone, glyceraldehyde, tartronic acid, glycolic acid, hydroxypyruvic acid), we have 

studied glycerol oxidation reaction (GOR) on W:BiVO4-based photoanodes under varying electrolyte 

environments, in the presence/absence of the co-catalyst to investigated their influence on the reaction 

selectivity and identify conditions favouring the formation of certain products. Thus, glycerol oxidation 

was studied in mild alkaline media (0.5 M potassium borate buffer, KBi, pH = 9.3) and in a non-buffered 

electrolyte (0.5 M Na2SO4, pH = 7.0), which gradually acidifies during the PEC reaction.  

Fig. 2a shows linear sweep voltammetry (LSV) profiles under dark and illumination conditions for 

W:BiVO4 and NiOx/W:BiVO4 in 0.5 M KBi and 0.5 M Na2SO4 electrolytes. In Na2SO4 solution, the PEC 

performance of W:BiVO4 is characterized by an onset potential of ca. 0.43 VRHE and a photocurrent for 

water oxidation of 2.3 mA cm−2 at 1.2 VRHE (in the absence of glycerol). The NiOx co-catalyst enhances 

the photocurrent to 3.3 mA cm−2 (1.2 VRHE), leading to a ca. 50 mV cathodic shift of the onset potential. 

In the presence of glycerol (0.1 M), the photocurrent increases in the entire potential range, reaching 

4.2 mA cm−2 at 1.2 VRHE. 

In mild-alkaline conditions (0.5 M KBi), W:BiVO4 and NiOx/W:BiVO4 exhibit ca. 50 mV cathodic shift of 

the onset potential on the RHE scale relative to that in the Na2SO4 electrolyte (Fig. 2b). The photocurrent 

for NiOx/W:BiVO4 electrodes reaches 2.5 mA cm−2 (0.8 VRHE) and increases to 3.5 mA cm−2 at 1.2 VRHE, 

thus matching or exceeding the performance of some transition-metal-oxide-based PEC systems (e.g. 

TiO2) employed for the oxidation of organic alcohols (methanol, ethanol or glycerol).29 Control 

experiments show a high reproducibility of the data collected on W:BiVO4 and NiOx/W:BiVO4 

photoelectrodes. Overall, the enhancement of the catalytic activity of NiOx/W:BiVO4 for water and 

glycerol oxidation in mildly alkaline conditions relative to neutral conditions may originate from the pH-

dependence of the electrocatalytic activity of the NiOx co-catalyst layer, which is a typically observed 

phenomenon for nickel or cobalt-based (oxy)hydroxides.30 

The charge-transfer dynamics at the semiconductor-electrolyte interface were analysed by the transient 

photocurrent profile at a constant potential. The initial transient photocurrent, Iin, is caused by the 

separation of the photogenerated hole-electron pairs, where trapping or recombination of charge 

carriers takes place by surface states or reduced species in an electrolyte.31 The continuous decay of 

the photocurrent indicates ongoing recombination until a steady state, Ist, is reached. Here, we used 

alkaline 0.5 M KBi conditions and relatively low biases, i.e. 0.3 VRHE, 0.5 VRHE, and 0.8 VRHE (Fig. 2c). In 

the absence of glycerol, the steady-state photocurrent at 0.3 VRHE (i.e. close to the onset potential) is 

nearly zero for W:BiVO4 and NiOx/W:BiVO4 electrodes, coinciding with the onset potential observed in 

the LSV profile. In the presence of glycerol, a distinct non-zero photocurrent is detected reaching 

0.08 mA cm−2 (0.3 VRHE), 0.53 mA cm−2 (0.5 VRHE) and 1.22 mA cm−2 (0.8 VRHE) for the W:BiVO4 

electrodes (Fig. 2c). In addition, the back-reaction current was significantly suppressed at 0.3 VRHE, likely 
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indicating a reduced accumulation of holes at the material surface. In the presence of glycerol, the 

photocurrent of the NiOx/W:BiVO4 electrodes increased to 0.2 mA cm−2 (0.3 VRHE), 1.2 mA cm−2  (0.5 

VRHE) and 2.9 mA cm−2 (0.8 VRHE). Together with an increased transient decay time (Fig. 2d), these 

observations are evidence for faster kinetics of the photoelectrochemical glycerol oxidation reaction as 

compared to the oxygen evolution reaction (OER) in water. 

 

Figure 2. Linear sweep voltammetry of W:BiVO4 and NiOx/W:BiVO4 in (a) 0.5 M Na2SO4 and (b) 0.5 M KBi with and without the addition 
of 0.1 M glycerol under dark and AM 1.5, 100 mW cm−2 illumination. (c) Chopped chronoamperometry plots of W:BiVO4 and NiOx/W:BiVO4 
in 0.5 M KBi with (dotted lines) and without (solid lines) 0.1 M glycerol at 0.3 VRHE, 0.5 VRHE, and 0.8 VRHE. The color code is the same as 
on panels a-b. (d) Plots of lnD as a function of time of photoanodes for water oxidation and glycerol oxidation (E = 0.5 VRHE). (e) Hole 
injection efficiency vs. applied bias for glycerol oxidation in 0.5 M KBi.  

Finally, the hole injection efficiency for water oxidation, estimated using sulfite anion (SO3
2−) as a hole 

scavenger was measured, reaching ca. 55% and 65% on W:BiVO4 and NiOx/W:BiVO4 electrodes, 

respectively, at 1.2 VRHE (Fig. 2e). In the presence of glycerol (0.1 M), the NiOx/W:BiVO4 photoelectrode 

exhibits a superior hole transfer to glycerol than W:BiVO4 throughout the whole potential window, 

reaching an efficiency of 72% at 1.2 VRHE, that additionally confirms the enhancement of the kinetics of 

glycerol oxidation with respect to OER. 

Next, the C1-C3 products of glycerol oxidation during long-term glycerol electrolysis (10 h) over W:BiVO4 

and NiOx/W:BiVO4 electrodes were identified and quantified by 1H and 13C NMR spectroscopy and high 

performance liquid chromatography (HPLC). The effect of the NiOx catalyst layer and the applied bias 

on the production rate (R) and faradaic efficiency (FE) of the detected products of the glycerol oxidation 

is illustrated in Fig. 3, based on 1H NMR spectra and chromatography results. The distribution of the 

products of the electrolysis reaction depends on the applied potential, type of the electrolyte and the 

electrode material (Table 1). Specifically, in the 0.5 M Na2SO4, the average production rate of DHA, 

GALD, GCALD and FA increases with increasing potential when using the W:BiVO4 electrode (Fig. 3a). 

At 0.8 VRHE, FA is a primary product of glycerol oxidation on the W:BiVO4 electrodes with a FE of over 

70 % and a production rate of ca. 54 mmole h−1 m−2, while at the higher potential of 1.2 VRHE, a four-fold 

and five-fold enhancement of the production rate of DHA (70 mmol h−1 m−2) and GCALD (ca. 60 mmol 

h−1 m−2), corresponding to FE’s of 19 % and 11 %, is observed.  
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Figure 3. Quantitative product analysis for different electrolytes after 10 h of continuous photoelectrolysis of 0.1 M glycerol solution over 
W:BiVO4 and NiOx/W:BiVO4 electrodes at different applied voltages. Production rate (R, mmol m−2 h−1) determined in (a) 0.5 M Na2SO4 

and (b) 0.5 M KBi; Faradaic efficiency per mole of specific compound (FE, %; bars) and total charge transfer (Qinput, C; line) determined in 
(c) 0.5 M Na2SO4(aq) and (d) 0.5 M KBi using HPLC and 1H NMR. 

For both 0.5 M Na2SO4 and 0.5 M KBi electrolytes, the deposition of a NiOx catalyst layer results in an 

enhanced catalytic glycerol oxidation reflected in the higher photocurrents (higher total charge transfer) 

and product yields. For instance, at an electrolysis potential of 1.2 VRHE in 0.5 M Na2SO4, a ca. two-fold 

increase of the photocurrent was achieved upon deposition of a NiOx co-catalyst. In addition, an increase 

in the applied bias increases the production rate of the value-added DHA in the presence of NiOx. 

Specifically, in 0.5 M KBi, a three-fold enhancement of production rate of DHA (138 mmol h−1 m−2) was 

achieved at 1.2 VRHE (compared to 0.8 VRHE) along with an improved FE of 19 % (Figure 3b and Figure 

3d).  

In 0.5 M Na2SO4, PEC glycerol oxidation using a W:BiVO4 electrode leads to higher amounts of GALD 

and GCALD at increased applied bias (1.2 VRHE vs. 0.8 VRHE). In contrast, NiOx/W:BiVO4 electrodes 

preferentially produce GALD and GCALD at a lower potential, 0.8 VRHE, presumably due to their 

overoxidation at higher applied voltages. Although the deposition of a NiOx co-catalyst does not appear 

to alter the general reaction pathway, the presence of a nickel catalyst strongly influences the product 

distribution (which is also affected by the applied bias and reaction media). For instance, NiOx/W:BiVO4 

electrodes show an increased selectivity toward DHA formation over GCALD at 1.2 VRHE in an alkaline 

KBi buffer. In contrast to a recent report, in which it was argued that the selective formation of DHA from 

glycerol is feasible,32 our findings indicate that multiple products inevitably form upon glycerol 

photoelectrooxidation, emphasizing in turn the importance of the use of complementary analytical tools 

(e.g. HPLC and NMR spectroscopy) for an accurate quantitative analysis of the complex product 

mixture. 
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Table 1. Composition of products from 10 h photoelectrochemical glycerol oxidation. 

Electrolyte Electrode Applied bias Identified products 

Enhanced rate or FE of 

specific products 

observed with 

increased potential 

Na2SO4 

W:BiVO4 
0.8 VRHE GALD, DHA, GCALD, FA, FMALD RDHA, RGALD, RGCALD, RFA 

FEDHA, FEGALD, FEGCALD 1.2 VRHE GALD, DHA, GCALD, FA, FMALD 

NiOx/W:BiVO4 
0.8 VRHE GALD, DHA, GCALD, FA, FMALD 

RDHA, RGCALD, RFA 
1.2 VRHE GALD, DHA, GCALD, FA, FMALD 

KBi 

W:BiVO4 
0.8 VRHE GALD, GCALD, FA, FMALD 

RFA  
1.2 VRHE GALD, GCALD, FA, FMALD 

NiOx/W:BiVO4 
0.8 VRHE GALD, GCALD, DHA, FA, FMALD RDHA, RGCALD, RFA 

FEDHA, FEFA 1.2 VRHE GALD, GCALD, DHA, FA, FMALD 

 

 

Product analysis and identification enabled us to propose reaction path(s) for the photoelectrocatalytic 

glycerol decomposition using W:BiVO4 and NiOx/W:BiVO4 electrodes. It is proposed that DHA and GALD 

isomers are the first stable species to form upon 2e- oxidation of one of the hydroxyl moieties of 

glycerol.33-34 A higher yield of DHA compared to GALD (Fig. 3) corroborates with DFT calculations that 

have identified DHA as the thermodynamically more stable product than GALD.35  GCALD is proposed 

to form from isomeric DHA/GALD species through C–C bond cleavage, releasing one equivalent of FA. 

Subsequent C–C bond cleavage to form one more equivalent of FA and FMALD from GCALD is 

proposed as one of the further steps. 

3.2. Fundamental activity design principles for oxygen evolution catalysts 

RuOx and IrOx currently serve as benchmark OER electrocatalysts because of their high activity and 

stability, particularly in acidic conditions, featuring performances unmatched by catalysts based on non-

precious metals.6 However, the scarcity and high costs of noble metals limit widespread exploitation of 

RuOx and IrOx. Pyrochlore materials with the general formula A2B2O7−δ (A is typically a rare-earth or 

alkaline-earth metal, B is a transition metal) have emerged recently as promising alternatives to binary 

RuOx and IrOx oxides owing to their lower noble metal content and high activity in OER.36 Metal 

substitution is a common strategy to tune the activity of complex oxides since a substituent can induce 

changes in the oxidation state of the active metal, the concentration of oxygen vacancies (VO), the 

coordination environments, the electronic band structure, etc. Since multiple structural properties are 

simultaneously affected by substitution, it becomes challenging to identify the contribution of each 

individual variable on the kinetics of the catalytic reaction. Therefore, it is of fundamental importance to 

reveal the physical origin of the substitution effect in complex oxides on the OER activity, as such an 

understanding can guide the rational design of the new compositions for OER. 
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Figure 4. (a) Crystal structure of Y1.8M0.2Ru2O7−δ with the A-sites occupied by Y3+ and Mn+ ions. (b) XRD patterns of Y1.8M0.2Ru2O7−δ. Inset: 
shifts of the (400) peak upon substitution of Y3+ by smaller Mn+ ions. (c) Rietveld refinement for Y1.8Cu0.2Ru2O7−δ. Comparison of RuO2 and 
Y1.8M0.2Ru2O7−δ pyrochlores including (d) normalized Ru K-edge XANES, (e) Ru 3d core level XPS, and (f) phase-uncorrected Fourier-
transform of the Ru K-edge EXAFS functions. For brevity, M represents Y1.8M0.2Ru2O7−δ on the legends. 

To disclose the role of metal substitution on the catalyst’s activity, we have prepared Y1.8M0.2Ru2O7−δ 

pyrochlores (M = Fe, Co, Ni, Cu, Y, Fig. 4a) motivated by the excellent structural and surface stability of 

Y2Ru2O7−δ under OER conditions, where a moderate level of A-site substitution was employed to keep 

the ruthenium oxidation state unchanged within the series. Powder X-ray diffraction (XRD) data (Fig. 4b, 

c) confirm the successful incorporation of the M substituent in the pyrochlore structure, shown by a 

decrease of the unit cell parameters for all substituents according to Rietveld refinement. Energy-

dispersive X-ray (EDX) spectroscopy reveals a homogeneous distribution of metals in the materials. 

XRD data indicate that pyrochlores were obtained phase pure. Only a minor difference in the position 

of the Ru K-edge is observed in X-ray absorption near edge structure (XANES) spectra of 

Y1.8M0.2Ru2O7−δ (Fig. 4d). This provides a strong indication that the oxidation state of Ru is unaffected 

by substitution for the entire Y1.8M0.2Ru2O7−δ series. Ru 3d core level X-ray photoelectron spectra (XPS) 

are in agreement with XANES data as the position of the Ru 3d5/2 peak is constant at ~ 464 eV in the 

Y1.8M0.2Ru2O7−δ materials, confirming the same oxidation state of Ru that is slightly higher than in RuO2 

(Fig. 4e). The local coordination environment of the Ru atoms in Y1.8M0.2Ru2O7−δ was inferred from the 

Fourier transform extended X-ray absorption fine structure (EXAFS) spectra. The extracted fitting 

parameters of the experimental Ru K-edge EXAFS data agree with the crystallographic model (Fig. 4a). 

The first coordination sphere of Ru was fitted by a Ru−O scattering path at ~1.99 Å and the second shell 

was modelled by Ru−Ru and Ru−Y contacts at ~ 3.58 Å (Fig. 4f). 
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Figure 5. (a) Representative CV curves for Y1.8M0.2Ru2O7−δ pyrochlores (for brevity, only the M substituent is shown in the legends) and 
the RuO2 benchmark recorded in 1 N H2SO4. (b) Tafel plots derived from steady-state galvanostatic measurements with currents 
normalized by BET surface area of the oxides. (c) Overlay of the O 1s core level XPS spectra for Y1.8M0.2Ru2O7−δ highlighting the 
emergence of a feature at ~ 531 eV along with the fitted spectra for Y1.8M0.2Ru2O7−δ (M = Cu, Fe) oxides. All spectra were normalized by 
the same maximum of the intensity. (d) Relation between the OV/OL ratio and enthalpies of MOx formation, ΔfHº, given per mol of metal. 
(e) Scaling between OER activity of Y1.8M0.2Ru2O7−δ, defined as current density measured at potential 1.50 V vs. RHE and oxygen 
vacancies content expressed as OV/OL ratio. Dotted lines are to guide the eye. 

Next, we assessed an OER activity for the Y1.8M0.2Ru2O7−δ series in 1 N H2SO4. All prepared 

Y1.8M0.2Ru2O7−δ pyrochlores feature similar Tafel slopes in the range of 52–63 mV dec−1 indicative of the 

same rate-limiting step. Notably, while the substitution of Y by Fe is detrimental for the OER activity, the 

incorporation of Cu increases the OER activity of Y1.8Cu0.2Ru2O7−δ vs. Y1.8Fe0.2Ru2O7-δ by more than one 

order of magnitude (estimated by the specific current density at 1.50 V vs. RHE, Fig. 5b). The superior 

OER activity of Y1.8Cu0.2Ru2O7−δ with respect to unsubstituted Y2Ru2O7−δ is remarkable considering that 

Y2+xRu2−xO7−δ (x = 0, 0.4) oxides have been introduced only recently as OER catalysts with benchmark 

performances in acidic media. Remarkably, Y1.8Cu0.2Ru2O7−δ also features excellent stability under 

galvanostatic OER conditions. 

The density of the oxygen vacancy (VO) sites at the surface in Y1.8M0.2Ru2O7−δ was studied to establish 

its potential correlations with the OER activity. The oxygen states at the surface in Y1.8M0.2Ru2O7−δ were 

probed by O 1s core level XPS. Clearly, the ratio OV/OL (OV stands for oxygen atoms in the vicinity of O 

vacancies in the lattice, OL – oxygen lattice atoms) scales with the density of surface oxygen vacancies 

in the pyrochlore and it is also indicative of the varied lability of the lattice oxygen in Y1.8M0.2Ru2O7−δ. We 

find that a greater OER activity correlates with a higher concentration of VO sites and ultimately with the 

enthalpy of formation of the binary oxides MOx (Fig. 5d, e). 

Density functional theory (DFT) calculations were employed to rationalize the differences in the energies 

of VO formation and the OER activities for Y1.8M0.2Ru2O7−δ pyrochlores. We have found, that the intrinsic 

OER activity of the Y1.8M0.2Ru2O7 family correlates linearly with the position of the O 2p band center 

computed for surface O atoms (Fig. 6c). Therefore, a decreased energy gap between the O 2p states 

and the Fermi level (or separation between the O 2p and Ru 4d band centers, defining the charge 

transfer energy) governs the experimental OER activity of the Ru pyrochlores studied here. 
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Figure 6. (a) Projected density of states (DOS) on Ru 4d and O 2p states of Y1.8Cu0.2Ru2O7. Projected DOS on O 2p states of 
surface terminated oxygen atoms (Osurf) are shaded. (b) Schematic rigid band diagram for Y1.8Fe0.2Ru2O7 and Y1.8Cu0.2Ru2O7 
illustrating an upshift of the O 2p band center, facilitating the loss of lattice oxygen, creation of VO sites and enhancement of OER 
activity. (c) Correlation between Y1.8M0.2Ru2O7−δ specific OER activity estimated as current density at 1.50 V vs. RHE and O 2p 
band center position. Error bars for is are smaller than the data points. Dotted line is to guide the eye. 

Having established the link between the lability of surface oxygen and the OER activity in Y1.8M0.2Ru2O7 

electrocatalysts, we searched to relate further these experimental observations to physical properties of 

binary oxides MOx. We reasoned that if such correlation is found, it will enable a rational design of active 

OER catalysts. Indeed, the density of VO sites and OER activities of Y1.8M0.2Ru2O7 catalysts scales with 

the enthalpies of formation (ΔfH°) of the binary oxides MOx (Fe2O3, CoO, NiO, CuO). A less negative 

ΔfH of MOx (i.e. less stable oxide) correlates with an increased density of VO sites in Y1.8M0.2Ru2O7−δ 

(Fig. 5d) as weaker M–O bonds facilitate the removal of lattice oxygen atoms, enhancing the OER 

kinetics. 

3.3. Design of the non-precious metal-based catalysts for hydrogen evolution reaction 

Oxidation of glycerol (or any other substrate) on a (photo)anode in a (photo)electrochemical cell is 

accompanied by a reduction reaction at the cathode. In aqueous solutions, hydrogen evolution via 

proton reduction typically occurs on the cathodic side. Metallic platinum is currently the benchmark 

catalyst for the hydrogen evolution reaction, however its low abundance and high cost motivates for the 

search of non-noble metal-based materials that are active in HER.   

Two dimensional early transition metal (TM) carbides, nitrides and carbonitrides, known as MXenes, 

form a family of materials exploited in many areas including energy research.37 Several members of the 

MXene family, for instance Mo2CTx, have been introduced recently as promising catalysts for the 

hydrogen evolution reaction (HER) in acidic conditions.20 The high activity of Mo2CTx was attributed to 

favorable thermodynamics of the hydrogen binding on the Mo2CTx (Tx = O/OH) surface, with a close-to-

zero free energy of hydrogen adsorption (ΔGH). The latter parameter is considered as the primary 

descriptor for the HER activity across a variety of material classes.38 A series of theoretical studies on 

2D carbide/nitride structures established that the H adsorption energy can be tuned effectively by a sub-

monolayer coverage of the surface with transition metal ad-atoms, rendering TM-promoted materials 

efficient HER catalysts.39-40 These predictions, however, so far lack experimental validation due to the 

absence of synthetic approaches for such TM-modified 2D catalysts. The incorporation of a metal 

dopant into a MXene matrix not only introduces an additional reaction site, but can also alter the 

adsorption energetics of the surface, for instance the binding energies for electrocatalytic intermediates 

(e.g. adsorbed *H, *OH, *O), thereby influencing the reaction kinetics. 
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Figure 7. (a) Schematic representation of the Mo2CTx:Co structure used for fitting of the EXAFS data acquired. The model 
substitutes a Mo atom by Co in the parent Mo2CTx assuming that the surface is fully terminated by oxygen groups. (b) SEM image 
of Mo2CTx:Co showing stacked layers with platelet morphology; the scale bar is 500 nm. (c) HAADF-STEM image and elemental 
mapping for delaminated Mo2CTx:Co sheets demonstrating a uniform distribution of Mo, C and O atoms within the sheets. The 
concentration of Co substitution is too low to be reliably detected by EDX mapping. (d) Le Bail fit for Mo2CTx:Co material revealing 

that all reflections could be assigned to Mo2CTx and -Mo2C phases. (e) Phase-uncorrected Fourier-transform of the Co K-edge 
EXAFS function for Mo2CTx:Co and its fit using the model shown in panel (a). (f) Single scattering paths used in the EXAFS fit. 

To this end, we have designed and performed the synthesis and detailed characterization of a cobalt 

substituted MXene material, Mo2CTx:Co. The developed methodology uses a bulk -Mo2C phase for the 

incorporation of cobalt atoms (-Mo2C:Co) that are retained in the final Mo2CTx:Co structure during the 

synthesis (Scheme 2). The synthesis yields layered platelets of the two-dimensional Mo2CTx:Co MXene 

phase, as confirmed by scanning and transmission electron microscopies (SEM/TEM, Fig. 7a, b). 

 

Scheme 2. Synthesis of Mo2CTx:Co. 

EXAFS analysis (Fig. 7e, f) of the synthesized MXene material unequivocally confirms that isolated 

cobalt atoms are incorporated into the Mo2CTx lattice, adopting the same coordination geometry as the 

host molybdenum sites, consistent with the formation of a solid solution, while XRD data reveal the 

absence of any other Co-containing phases (Fig. 7d). 

To assess the effect of cobalt substitution on the electronic structure and catalytic properties of 

Mo2CTx:Co, we have probed its activity for the hydrogen evolution reaction (HER) in acidic conditions 

since the parent Mo2CTx material already demonstrated a promising performance for this reaction. 

Noteworthy, we observed a substantial increase of the catalytic performance of Mo2CTx:Co relative to 

the unsubstituted Mo2CTx material. Our density functional theory (DFT) calculations show that even a 

small amount of Co in the Mo2CTx lattice imparts a significant perturbation in the electronic structure of 

Mo2CTx:Co. In particular, the substitution of Mo by Co affects the adsorption energies of hydrogen on 
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the neighboring oxygen atoms of an oxygen-terminated Mo2CO2:Co surface, making these sites more 

favorable for HER catalysis. 

 

 

 

Figure 8. (a) Polarization curves recorded for Mo2CTx:Co and Mo2CTx using a scan rate of 10 mV s−1. Inset shows 
chronopotentiometry data for both catalysts at 0.1 mg cm−2 loading held at 1 mA cmgeo

−2. Tafel plots derived from steady-state 
galvanostatic measurements with currents normalized per geometric electrode area. Error bars represent standard deviation 
obtained from at least 3 independent measurements. (c) Mo2CO2 :Co model structure used for DFT calculations. Dashed circles 
are drawn to define areas containing O atoms, which were used as hydrogen adsorption sites in computations. The six nearest 
oxygen atoms featuring the highest deviation in ΔGH for the substituted and non-substituted cases are shown in red. (d) Computed 
values of the free energies of hydrogen adsorption (ΔGH) on Mo2CO2 and Mo2CO2:Co surfaces. 

Notably, Mo2CTx:Co features an excellent durability under acidic HER conditions maintaining a constant 

potential to achieve a current density of 1 mA cm−2 over 3 hours (Figure 8a, inset). Supplemented by a 

very low onset potential for HER (above −70 mV vs RHE), all of the activity metrics highlight that 

Mo2CTx:Co is one of the best performing HER catalysts reported so far. Importantly, these results 

validate the metal-substitution approach of Mo2CTx as a valuable tool to provide compositionally-tunable 

materials for electrocatalysis and introduce Mo2CTx:Co as a novel benchmark catalyst for HER. 

4 Conclusions 

1. Our study revealed the key trends in the product distribution of the photoelectrochemical glycerol 

oxidation over BiVO4-based electrodes in the presence/absence of a NiOx co-catalyst, at varying 

electrolyte environments. We have found that GALD, DHA, GCALD, FA and FMALD are the primary 

products of glycerol oxidation. To the best of our knowledge, in this study GCALD was detected as a 

product of PEC glycerol oxidation for the first time. Importantly, we identify the conditions favouring the 

formation of the high value-added chemicals, DHA and GALD, thus providing a rare example of a system 

enabling the production of valuable C3 products from glycerol without the use of precious metal catalysts. 

The reported development of a system for the photoelectrochemical glycerol reforming relying on earth-
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abundant elements is an important step in the advancement of affordable solar-driven electrolyzers and 

direct alcohol fuel cells. 

2. Using Y1.8M0.2Ru2O7−δ as a model system, we have identified a direct correlation between the OER 

activity, the lattice oxygen binding strength/lability and the formation enthalpy of the binary MOx oxide, 

i.e. metals M with lower enthalpies of formation for the respective oxide weaken the oxygen binding on 

the surface of Y1.8M0.2Ru2O7−δ. DFT studies captured changes in the electronic structure of the 

pyrochlores induced by M substitution and revealed trends in the electronic band structure that govern 

the OER activity of the Y1.8M0.2Ru2O7−δ catalysts. Specifically, an increase in the density of VO sites and 

the OER activity in Y1.8M0.2Ru2O7−δ is attributed to the upshift of the O 2p band centre closer to the Fermi 

level. Our work introduces Y1.8Cu0.2Ru2O7−δ as a novel OER catalyst with exceptional OER performance 

and, more fundamentally, emphasizes the underexplored role that substituents can play in regulating 

the OER activity of complex oxides, i.e. by influencing the surface oxygen binding strength. Our results 

can be utilized for the rational design of new compositions for oxygen electrocatalysis and other 

applications that involve lattice oxygen sites. 

3. We reported the synthesis and the comprehensive characterization of a solid solution Mo2CTx:Co 

MXene phase with cobalt substitution on the molybdenum sites as an very active catalyst for the 

hydrogen evolution reaction. Mo2CTx:Co displays an impressive performance in HER concerning both 

its durability and activity, with the latter being notably higher than that of unsubstituted Mo2CTx. DFT 

calculations attribute the enhancement of the HER activity upon cobalt substitution to improved 

thermodynamics of the hydrogen binding on the MXene surface thereby facilitating the H2 evolution 

reaction. Importantly, our synthetic strategy represents a new approach for the preparation of 2D 

molybdenum carbides containing single metal site substitution and it opens up the prospects of 

accessing materials incorporating other TMs, where the substituent can be tailored for a specific catalytic 

application. 

5 Outlook and next steps 

Considering the current state of the progress along three research directions outlined in section 3, we 

consider the continuation of the project towards realization of the following fundamental and practical 

tasks particularly promising. 

1. Through the investigation of the model systems (A2Ir2O7-δ/AxFe3-xO4), our study aims to provide a 

general fundamental insight on the effect of elemental substitution in complex oxides on their electronic 

structure, redox and catalytic properties. A focus of our study is a survey for new compositions for 

oxygen electrocatalysis (OER/ORR) with improved performance, based on the insights gained from the 

model study, aided by DFT. By completing the proposed goals, we expect to build a robust and 

comprehensive scheme rationalizing the influence of cation substitution on the OER/ORR performance 

of complex oxides and provide a novel guideline for the design of materials for oxygen electrocatalysis 

that is cornerstone for renewable energy technologies. 

2. Fundamental understanding of the effect of alloying on the electronic structure, redox and catalytic 

properties (primarily for the methanol oxidation reaction) of the noble metal-based alloys and 

intermetallic compounds. Given the high activity and widespread use of noble metals in numerous lab-

scale and industrially relevant processes, we anticipate that fundamental insights provided by our study 

can have an impact in multiple areas. Our particular focus is on the development of efficient catalysts 

for methanol electrooxidation and their implementation as anode materials in the direct methanol fuel 

cells. Finding the stoichiometry featuring a reduced noble metal content without compromising 

performance would certainly become a crucial step towards the promotion of this type of devices, which 

are expected to be a key element in a sustainable energy world. 
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