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Experimental Section 

Preparation of M–NC (M = Ni or Fe) single-atom catalysts 

The M–NC materials were synthesized following our previously reported method.1, 2 Briefly, 2,4,6-

triaminopyrimidine (TAP, 97%, Sigma-Aldrich) and MgCl2·6H2O (99%, Sigma-Aldrich) were mixed 

at a weight ratio of 1:8, respectively, and pyrolyzed at 900 °C for 1 h under a N2 atmosphere (flow rate: 

300 mL min-1; heating rate: 5 °C min-1), followed by natural cooling to room temperature. The resulting 

solid was ground with a pestle and mortar and then washed overnight in 2 M HCl, thoroughly rinsed 

with deionized water, and dried at 80 °C. To introduce metal single atoms, 60 mg of the TAP-derived 

support was dispersed in 75 mL methanol and mixed with 75 mL of a 25 mM metal chloride solution 

(FeCl2, 98%, Sigma-Aldrich, or NiCl2·4H2O, 99.9%, Sigma-Aldrich). The mixture was refluxed at 

85 °C for 24 h, followed by washing with 0.5 M H2SO4 to remove aggregated metal species. The solid 

was then filtered, rinsed thoroughly with distilled water, and dried at 80 °C. The resulting catalysts were 

denoted as M–NC (where M = Fe or Ni). 

Preparation of Ti–Fe2O3 films 

Ti–Fe2O3 films were synthesized on fluorine-doped tin oxide (FTO)-coated glass substrates via a 

hydrothermal method followed by annealing in air, as reported previously.3 Prior to synthesis, the FTO 

substrates were cleaned by ultrasonication sequentially in detergent, isopropanol (IPA), and deionized 

water for 10 min each. A 20 mL aqueous precursor solution was prepared by dissolving 0.6 g FeCl3 

(97%, Sigma-Aldrich) and 1.7 g NaNO3 (99%, Sigma-Aldrich), with the pH adjusted to 3 using 1 M 

HCl. Subsequently, 5 mL of an ethanol solution containing 35 mg TiCl4 was added. The resulting 

solution was transferred to a 50 mL Teflon-lined stainless-steel autoclave. The cleaned FTO substrates 

(2.5 × 4 cm2) were immersed in the solution with the conductive side facing downward at an angle of 

approximately 30°. The autoclaves were sealed and heated at 95 °C for 7.5 h to promote the growth of 

Ti-doped β-FeOOH films. After cooling to room temperature, the films were annealed in air with a 

heating rate of 5 °C min-1 to 550 °C and held for 2 h, followed by further heating to 800 °C (5 °C min-

1) and holding for 20 min. The samples were then allowed to cool naturally to room temperature inside 

the furnace, yielding Ti–Fe2O3 films. 

Preparation of Ti–Fe2O3/Ni–NC and Ti–Fe2O3/Fe–NC photoanodes 

Ti–Fe2O3/Ni–NC and Ti–Fe2O3/Fe–NC photoanodes were prepared by spin coating. A catalyst ink was 

prepared by dispersing 4 mg of Ni–NC or Fe–NC in a mixed solvent of deionized water (500 µL) and 

ethanol (500 µL), followed by bath sonication for 30 min to obtain a homogeneous suspension. Spin 
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coating was performed at 3000 rpm for 30 s, with a controlled drop-casting volume of 50 µL per coating 

cycle. The coating process was repeated between one and four times to control catalyst loading. After 

coating, the samples were heated on a hot plate at 110 °C for 1 h to dry the films and improve contact 

formation. Optimal photoelectrochemical performance was achieved with two spin-coating cycles, 

corresponding to a total ink volume of 100 µL. 

Characterizations 

All (photo)electrochemical measurements were performed using a potentiostat (IviumStat, Ivium 

Technologies) in an electrolyte containing 0.5 M glycerol and 1 M NaOH (pH = 13.7) under simulated 

sunlight (Xe lamp equipped with an AM 1.5G filter, 100 mW cm-2, 1 sun). A three-electrode 

photoelectrochemical (PEC) cell with a quartz window was employed. The prepared photoanodes 

served as the working electrode, with a Pt filament and an Ag/AgCl electrode (3 M KCl) used as the 

counter and reference electrodes, respectively. (Photo)current–potential (j–V) curves were recorded by 

scanning the applied potential from +0.4 to +1.7 VRHE at a scan rate of 10 mV s-1. All potentials 

measured versus Ag/AgCl (VAg/AgCl) were converted to the reversible hydrogen electrode (VRHE) scale 

using the Nernst equation: 

𝐸RHE = 𝐸Ag/AgCl + 0.059 × pH + 𝐸Ag/AgCl
∘ (1) 

where 𝐸Ag/AgCl
∘ = 0.1976 V. 

The incident photon-to-current efficiency (IPCE) was measured in 0.5 M glycerol and 1 M KOH at an 

applied potential of +1.23 VRHE using a Xe lamp coupled with a monochromator (LOT Quantum 

Design). IPCE values were calculated according to: 

IPCE(%) =
1240 × 𝑗ph

𝜆 × 𝑃𝜆
(2) 

where 𝜆(nm) is the incident monochromatic wavelength, 𝑗ph(mA cm-2) is the photocurrent density 

measured under monochromatic illumination, and 𝑃𝜆(mW cm-2) is the incident light power density at 

wavelength 𝜆. 

The crystalline structure and phase composition of the samples were characterized by X-ray diffraction 

(XRD, X’Pert Pro PANalytical diffractometer, Cu Kα radiation, 40 kV, 20 mA, 2θ range: 10–80°). 

Surface chemical composition and electronic states were analyzed using X-ray photoelectron 

spectroscopy (XPS, Thermo Fisher K-Alpha⁺ spectrometer with monochromated Al Kα radiation). All 
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XPS spectra were calibrated using the C 1s peak. Sample morphologies were examined by field-

emission scanning electron microscopy (FE-SEM, LEO Gemini 1525). 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements were carried out using an 

ION-TOF V instrument. Fresh and post-reaction Ti–Fe2O3/Ni–NC photoanodes were analyzed directly 

on their FTO substrates, which were mounted on double-sided tape, while NC powder samples were 

pressed onto double-sided tape. Post-reaction samples were obtained after PEC GOR testing for 2 h at 

+1.23 VRHE under 1 sun illumination. Prior to analysis, samples were sputtered over a 500 × 500 µm2 

area using a non-interlaced 10 keV Arₙ⁺ (n ≈ 1600–1700) cluster ion beam at ~11 nA for one sputter 

frame (pause time: 1 s), corresponding to a dose density of ~1015 ions cm-2. 

ToF-SIMS spectra were acquired using a Bi3
+ primary ion beam (25 keV, 0.5 pA, 5 µm spot size) for 

25 min, with a cycle time of 100 µs and a raster area of 100 µm × 100 µm (256 × 256 pixels, sawtooth 

mode). Negative ion spectra were calibrated using C₁––C10
– and Fe2O3

– reference peaks, with a mass 

deviation below 100 ppm. Data analysis was performed using SurfaceLab 7 software. Peak intensities 

were normalized to the total ion count over the full mass spectrum (0–870 amu). Measurements were 

conducted at two distinct locations on each sample where Ni–NC was present. Algebraic deconvolution 

of the 58Ni and 60Ni isotopes was carried out following the method reported by Sarma et al.2 

Faradaic efficiency calculations 

Faradaic efficiencies (FEs) for glyceric acid (GLA), glycolic acid (GA), and formic acid (FA) were 

calculated from the amounts of products formed during 2 h of photoelectrochemical glycerol oxidation. 

Product concentrations were quantified by HPLC and converted to moles according to:  

𝑁ᵢ =  𝐶ᵢ ×  𝑉 

where 𝑁ᵢ is the number of moles of product i, 𝐶ᵢ is the HPLC-determined concentration (mol L⁻¹), and 

V is the electrolyte volume (L). 

The Faradaic efficiency (FE) for each product was calculated using: 

𝐹𝐸ᵢ (%)  =  (𝑛ᵢ ×  𝐹 ×  𝑁ᵢ / 𝑄ₜₒₜ)  ×  100 

where 𝑛ᵢ is the number of electrons transferred for the formation of product i, 𝐹 is the Faraday constant 

(96485 C mol⁻¹), 𝑁ᵢ is the number of moles of product formed, and 𝑄ₜₒₜ is the total charge passed during 

electrolysis. 
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The total charge passed was determined by integrating the current over the 2h reaction period at 

respective applied potentials: 

𝑄ₜₒₜ =  ∫ 𝐼(𝑡) 𝑑𝑡

2ℎ

0

 

where 𝐼(𝑡) is the measured current as a function of time. 

The electron-transfer numbers were assigned based on the oxidation-state change from glycerol to the 

corresponding products, giving n = 4 for glyceric acid (GLA), n = 10/3 for glycolic acid (GA), and n = 

8/3 for formic acid (FA).4 The FE values therefore represent the fraction of the total charge contributing 

to the formation of each oxidation product. The sum of the FEs for individual products was used to 

evaluate the selectivity of the glycerol oxidation reaction and the contribution of competing side 

reactions, such as oxygen evolution. 

 

Computational Section 

Density functional theory (DFT) calculations were performed to evaluate the energetics of glycerol 

electro-oxidation intermediates and products. In the computational models, glycerol-derived 

intermediates were adsorbed on a single metal atom (Ni or Fe) coordinated to a metal–N4–pyridine-

doped graphene surface, representing the Ni–NC or Fe–NC catalyst. Periodic slab models were 

constructed with a vacuum spacing of 24 Å to eliminate interlayer interactions. Atomic structures were 

generated using the Atomic Simulation Environment (ASE).5 All DFT calculations were carried out 

using the GPAW package6, 7  with the revised Perdew–Burke–Ernzerhof (RPBE) exchange–correlation 

functional.8 A plane-wave basis set with cutoff energy of 400 eV and a 3 × 3 × 1 Monkhorst–Pack k-

point mesh were employed. Spin-polarized calculations were performed by initializing the Fe and Ni 

atoms with magnetic moments appropriate for their typical electronic configurations. These moments 

were allowed to evolve during structural relaxation, adapting to the structure and adsorbed intermediates. 

The atomic structures are relaxed to a maximum force of 0.10 eV Å-1 on each atom. 

To elucidate glycerol electro-oxidation pathways on Ni–NC and Fe–NC surfaces, two elementary 

reaction types were considered. The first involves dehydrogenation (Equation 3), in which a hydrogen 

atom is removed from the adsorbate (C3HyOx), yielding a more oxidized intermediate (C3Hy-1Ox) and 

producing ½ H2 in the gas phase: 
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C3HyOx → C3Hy−1Ox + H+(aq) + e− (3) 

The second reaction type corresponds to hydroxyl (OH) incorporation (Equation 4), which produces a 

more oxidized intermediate (C3Hy+1Ox+1) through the consumption of one liquid H2O molecule and 

formation of ½ H2: 

C3HyOx + H2O(l) → C3Hy+1Ox+1 +
1

2
H2(g) (4) 

While most computational studies of glycerol oxidation focus on dehydrogenation reactions (Equation 

3), 9-13 hydroxyl incorporation steps (Equation 4) have also been reported and were therefore included 

here.14-16 

In electrochemical environments, proton–electron [H+(aq) and e-] pairs are produced instead of 

molecular hydrogen gas. This effect was incorporated using the computational hydrogen electrode 

(CHE) model,17, 18 which relates the free energy of a proton–electron pair to the electrochemical 

potential on the reversible hydrogen electrode (RHE) scale: 

Δ𝐺(H+(aq) + e−) =
1

2
Δ𝐺(H2) − 𝑒𝑈vsRHE (5) 

Unless otherwise stated, all reaction free energies were evaluated at 𝑈vs RHE = 0 V. At applied 

potentials 𝑈vs RHE > 0, both reaction types (Equations 3 and 4) are stabilized by a term of −𝑒𝑈vs RHE. 

The DFT reaction energies of adsorbed intermediates were calculated according to: 

Δ𝐸intermediate = 𝐸surface+intermediate − 𝐸surface − 𝐸glycerol + 𝑛H2
𝐸H2

− 𝑚H2O𝐸H2O (6) 

where 𝐸surface+intermediate and 𝐸surface are the DFT energies of the catalyst surface with and without 

the adsorbed intermediate, respectively. 𝐸glycerol, 𝐸H2
, and 𝐸H2O correspond to the gas-phase energies 

of glycerol, H2, and H2O. 𝑛H2
and 𝑚H2O  represent the number of H2 molecules produced and H2O 

molecules consumed, respectively, when converting glycerol to the intermediate in question. 

Entropy differences, zero-point energy differences, or heating enthalpy differences were not calculated. 

Instead, literature-derived free energy corrections established for CH3O* reduction to COOH* were 

adopted.19  These corrections comprise three type equation 3 reaction steps with an average free energy 

correction of Δ𝐺eq3
𝑐𝑜𝑟𝑟 = −0.32eV  (standard deviation of 0.05 eV), and one type equation 4 reaction 

step with a free energy correction of Δ𝐺eq4
𝑐𝑜𝑟𝑟 = +0.38 eV. We adopt the same free energy corrections, 
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even though we study glycerol oxidation instead of methanol oxidation, and approximated the free 

energy differences of the adsorbed intermediates 𝛥𝐺𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 by Equation 7.  

Δ𝐺intermediate = Δ𝐸intermediate + 𝑛eq3Δ𝐺eq3
corr + 𝑚eq4Δ𝐺eq4

corr (7) 

where 𝑛eq3 and 𝑚eq4 denote the number of dehydrogenation and OH incorporation steps, respectively, 

required to form a given intermediate. 

The gas-phase H2O pressure was set to 0.0035 MPa, such that the free energy of gas-phase H2O equals 

that of liquid water under ambient conditions.17 It should be noted that solvation effects and constant-

potential electrochemical interfaces were not modeled. Solvation effects can be especially large, but 

unfortunately, they are also prohibitively computationally expensive to accurately account for. 20 

All DFT calculations and Python scripts used in this work are publicly available at: 

https://erda.ku.dk/archives/a6928c8acbd736a52956d981c0893d9e/published-archive.html 

  

https://erda.ku.dk/archives/a6928c8acbd736a52956d981c0893d9e/published-archive.html
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Figure S1. FE-SEM micrographs, acquired using the in-column secondary electron (InLens) detector, 

of (a1-2) Ti–Fe2O3, (b1-2) Ti–Fe2O3/Ni–NC, and (c1-2) Ti–Fe2O3/Fe–NC with orange arrows on flakes. 

 

Figure S2. (a) XPS survey spectra and high-resolution XPS spectra of (b) Fe 2p, (c) Ti 2p, and (d) O 

1s for Ti–Fe2O3, Ti–Fe2O3/Ni–NC, and Ti–Fe2O3/Fe–NC.  
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Figure S3. (a) Raman spectra for Ni-NC, Ti-Fe2O3 and Ti-Fe2O3/Ni-NC. (b)Deconvoluted Raman 

spectra for for Ni-NC, Ti-Fe2O3 and Ti-Fe2O3/Ni-NC. 

 

Figure S4. (a) HAADF-STEM image and atomic resolution EDX elemental maps for Fe (b), C (c), and 

N (d) of Fe-NC. Reproduced from ref 21 with permission from Wiley and the authors. 
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Figure S5. (Photo)current–potential (j–V) curves of Ti–Fe2O3 and Ti–Fe2O3/Ni–NC-n (n = 1, 2, and 3, 

corresponding to 1, 2, and 4 spin-coating cycles, respectively) measured in (a) 1 M NaOH and (b) 1 M 

NaOH with 0.5 M glycerol. All measurements were performed under 1 sun illumination (Xe lamp, AM 

1.5G filter, 100 mW cm-2) with chopped light at a scan rate of 10 mV s-1. 

 

 

Figure S6. (Photo)current–potential (j–V) curves of Ti–Fe2O3/Ni-NC measured in 1M NaOH and 

different concentrations of glycerol. 0.1 M glycerol appears insufficient, while 1.0 M appears in excess; 

therefore, 0.5 M glycerol was chosen for further studies.  
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Figure S7. (a) (Photo)current–potential (j–V) curves of Ti–Fe2O3/NC measured in 1 M NaOH and in 

0.5 M glycerol + 1 M NaOH. (b) Photoelectrocatalytic production rates of glycerol oxidation products 

on Ti–Fe2O3/NC photoanodes at applied potentials of +0.8, +1.0, and +1.2 VRHE.  

 

 

Figure S8. FE-SEM micrographs, acquired using the in-column secondary electron (InLens) detector, 

of (a) Ti–Fe2O3, (b) Ti–Fe2O3/Ni–NC, and (c) Ti–Fe2O3/Fe–NC after PEC operation for 2 h at +1.23 

VRHE in 0.5 M glycerol and 1 M NaOH under 1 sun illumination. 
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Figure S9. Faradic efficiencies toward glyceric acid (GLA), glycolic acid (GA), and formic acid (FA) 

afer 2 h GOR reaction at different applied potentials. 

 

 

Figure S10. Negative-polarity ToF-SIMS analysis of fresh and post–reaction Ti–Fe2O3/Ni–NC 

photoanodes. The reaction was PEC GOR for 2 h at +1.23 VRHE under 1 sun illumination. Normalized 

fragment ion counts (normalized to total ion counts) for (a) calibration peaks and (b) reference peaks. 

The bars represent the mean values, and the error bars the deviation of two measurements at distinct 

locations where Ni–NC was visibly deposited. 
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Figure S11. Negative polarity ToF-SIMS fragment mapping counts of Ti-Fe2O3/Ni-NC tested after 2 h 

at +1.23 VRHE in 0.5 M glycerol + 1 M NaOH under 1 sun illumination. 

 

Figure S12. Stability test for 28 h of the Ti–Fe2O3/Ni–NC photoanode measured at +1.23 VRHE under 

1 sun illumination in 0.5 M glycerol and 1 M NaOH. 
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Table S1. Thermodynamic free energy corrections applied to DFT-calculated energies at room 

temperature, taken from ref. 19. All intermediates were adsorbed on the Cu(211) surface. 

Species Fugacity (Pa) ZPE (eV) ∫CpdT (eV) -TS (eV) 

H2(g) 101325 0.27 0.09 -0.39 

H2O(g) 3534 0.58 0.10 -0.65 

CH3O* N/A 1.11 0.09 -0.18 

CH2O* N/A 0.76 0.09 -0.19 

CHO* N/A 0.44 0.09 -0.18 

CO* N/A 0.19 0.08 -0.15 

COOH* N/A 0.62 0.10 -0.18 

 

 

Table S2.  Thermodynamic free-energy corrections applied to DFT-calculated reaction energies for the 

reduction of CH3O* to *COOH. 

Reaction 
ΔZPE 

(eV) 

∫ΔCPdT 

(eV) 

-TΔS 

(eV) 

ΔGcorr
 = ΔZPE +         

∫ΔCPdT - TΔS (eV) 

#1 CH3O* → CH2O* + ½H2(g) -0.22 0.04 -0.21 -0.38 

#2 CH2O* → CHO* + ½H2(g) -0.18 0.04 -0.19 -0.33 

#3 CHO* → CO* + ½H2(g) -0.12 0.04 -0.16 -0.25 

#4 CO* + H2O → COOH* + ½H2(g) -0.01 -0.04 0.43 +0.38 

 

Based on Table S1-2, the following reaction free-energy corrections were adopted in this work: 

Δ𝐺eq1
corr = −0.32 eV, obtained as the mean value of reactions #1–#3 (standard deviation: 0.05 eV), and 

Δ𝐺eq2
corr = +0.38 eV, corresponding to reaction #4. 
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Table S3. Possible glycerol electro-oxidation reaction intermediates and pathways on Fe–NC. 

 Structure Picture ΔG/eV Comments 

1st step possibilities, based on C3H8O3 

1 CH2OH-CHOH-*CHOH 

 

0.66 -1H at 1C 

2 CH2OH-CHOH-CH2O* 

 

0.34 -1H at 1O 

3 CH2OH-*COH-CH2OH 

 

0.77 -1H at 2C 

4 CH2OH-CHO*-CH2OH 

 

0.22 -1H at 2O 

5 
CH2OH-

CH(OH)2+*CH2OH 

 

1.38 
+1OH at 2C, C1-

C2 bond breaks 

6 
CH2OH-

*CHOH+CH2(OH)2  

 

 

 

1.15 
+1OH at 1C, C1-

C2 bond breaks 
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 Structure Picture ΔG/eV Comments 

2nd step possibilities, based on CH2OH-CHO*-CH2OH 

1 CH2OH-CO-CH2OH 

 

 

0.14 

 

 

-1H at 2C, C=O 

double bond 

formed, molecule 

desorbs 

2 CH2OH-CHO+CH2(OH)2 

 

1.12 

+1OH at C1, and 

C1-C2 bond 

breaks. C2=O2 

double bond 

formed, both 

molecules desorb 

3rd step possibilities, based on CH2OH-CO-CH2OH 

1 CH2OH-CO-*CHOH 

 

0.43 -1H at 1C 

2 CH2OH-CO-CH2O* 

 

0.55 -1H at 1O 

3 CH2OH-*CO+CH2(OH)2 

 

0.70 

+1OH at 1 C, C1-

C2 bond breaks. 

One molecule 

desorbs 

4 CH2OH-COOH+*CH2OH 

 

0.88 

+1OH at 2 C, C1-

C2 bond breaks. 

One molecule 

desorbs 
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 Structure Picture ΔG/eV Comments 

5 
CH2OH-C(OH)O*-

CH2OH 

 

1.04 

+1OH at 2C, C2-

O2 double bond 

breaks. Molecule 

adsorbs via 2O 

atom 

4th step possibilities, based on CH2OH-CO-*CHOH 

1 CH2OH-CO-*COH 

 

0.96 -1H at 1C 

2 CH2OH-CO-CHO 

 

0.76 

-1H at 1O, C1=O1 

double bond forms, 

desorb 

3 CH2OH-CO-CH(OH)2 

 

0.95 
+1OH at 1C, 

desorb 

4 CH2OH-COOH+*CHOH 

 

0.84 

+1OH at 2C, C1-

C2 bond breaks, 

one molecule 

desorbs 

5th step possibilities, based on CH2OH-CO-CHO 

1 CH2OH-CO-*CO 

 

0.74 -1H at 1C 

2 CH2O*-CO-CHO 

 

0.78 -1H at 3O 
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 Structure Picture ΔG/eV Comments 

3 *CHOH-CO-CHO 

 

0.89 -1H at 3C 

4 CH2OH-*CO+HCOOH 

 

0.41 

+1OH at 1C, C1-

C2 bond break, one 

molecule desorbs 

5 *CH2OH+COOH-CHO 

 

1.33 

+1OH at 2C, C2-

C3 bond breaks, 

one molecule 

desorbs 

6 CH2(OH)2+*CO-CHO 

 

1.15 

+1OH at 2C, C2-

C3 bond breaks, 

one molecule 

desorbs 

7 CH2OH-COOH+*CHO 

 

0.55 

+1OH at 2C, C2-

C1 bond breaks, 

one molecule 

desorbs 

8 CH2OH-C(OH)O*-CHO 

 

1.25 

+1OH at 2C, 

C2=O2 double 

bond breaks, 

adsorb via O2 

9 CH2OH-CO-CH(OH)O* 

 

 

 

1.32 

+1OH at 1O, 

C1=O1 double 

bond breaks, 

adsorb via O1 
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 Structure Picture ΔG/eV Comments 

6th step possibilities, based on CH2OH-*CO+HCOOH 

1 CH2OH-COOH+HCOOH 

 

0.51 
+1OH at 2C, 

molecule desorbs 

2 CH2(OH)2+*CO+HCOOH 

 

0.21 

+1OH at 3C, C3-

C2 bond breaks, 

one molecule 

desorbs 

3 CHOH=CO+HCOOH 

 

1.54 

-1H at 3C, C2=C3 

double bond 

formed, desorb 
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Table S4. Possible glycerol electro-oxidation reaction intermediates and pathways on Ni–NC. 

 Structure Picture ΔG/eV Comments 

1st step possibilities, based on C3H8O3 

1 CH2OH-CHOH-*CHOH 

 

1.75 -1H at 1C 

2 CH2OH-CHOH-CH2O* 

 

1.24 -1H at 1O 

3 CH2OH-*COH-CH2OH 

 

1.65 -1H at 2C 

4 CH2OH-CHO*-CH2OH 

 

1.40 -1H at 2O 

5 
CH2OH-

CH(OH)2+*CH2OH 

 

2.37 
+1OH at 2C, C1-C2 

bond breaks 

6 
CH2OH-

*CHOH+CH2(OH)2  

 

 

 

2.65 
+1OH at 1C, C1-C2 

bond breaks 
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 Structure Picture ΔG/eV Comments 

2nd step possibilities, based on CH2OH-CHOH-CH2O* 

1 CH2OH-CHOH-CHO 

 

0.24 

-1H at 1C; C1=O1 

double bond formed; 

desorb 

2 
CH2OH-

CH(OH)2+CH2O 

 

1.39 

+1OH at C2; C2-C1 

bond breaks; C1=O1 

double bond formed; 

both molecules 

desorb 

3rd step possibilities, based on CH2OH-CHOH-CHO 

1 CH2OH-CHOH-*CO 

 

1.16 -1H at 1C 

2 CH2OH-*COH-CHO 

 

0.69 -1H at 2C 

3 CH2OH-CHO*-CHO 

 

1.47 -1H at 2O 

4 *CHOH-CHOH-CHO 

 

1.95 -1H at 3C 

5 CH2O*-CHOH-CHO 

 

1.57 -1H at 3O 



 

22 

 

 Structure Picture ΔG/eV Comments 

6 
CH2(OH)2+*CHOH-

CHO 

 

1.70 

+1OH at 3C, C3-C2 

bond breaks; one 

molecule desorbs 

7 
*CH2OH+CH(OH)2-

CHO 

 

2.65 

+1OH at C2, C2-C3 

bond breaks; one 

molecule desorbs 

8 
CH2OH-

*CHOH+HCOOH 

 

1.72 

+1OH at C1, C1-C2 

bond breaks; one 

molecule desorbs. 

9 
CH2OH-

CH(OH)2+*CHO 

 

2.15 

+1OH at C2, C2-C1 

bond breaks; one 

molecule desorbs 

10 
CH2OH-CHOH-

CH(OH)O* 

 

2.14 

+1OH at C1, C1=O1 

double bond breaks; 

molecule adsorbs via 

O atom. 

11 CH2OH-CHOH-*CO 
 

 

 

 

 

2.09 

-1H at 1C, 

intermediate adsorbs 

via C atom to N 

atom 
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 Structure Picture ΔG/eV Comments 

4th step possibilities, based on CH2OH-*COH-CHO 

1 CH2OH-C(OH)2-CHO 

 

1.08 +1OH at 2C, desorb 

2 CH2OH-CO-CHO 

 

0.45 

-1H at 2C, C2=O2 

double bond formed; 

desorb 

3 CH2(OH)2+*COH-CHO 

 

2.87 

+1OH at C3, C2-C2 

bond breaks; one 

molecule desorbs 

4 
CH2OH-

*COH+HCOOH 

 

2.99 

+1OH at C1, C1-C2 

bond breaks; one 

molecule desorbs 

5 CHOH=COH-CHO 

 

-0.02 

-1H at C3, C3=C2 

double bond formed; 

desorb 

6 CH2O*-COH-CHO 

 

1.00 -1H at O3 

7 CH2OH-COH=CO 

 

1.16 

-1H at C1, C1=C2 

double bond formed; 

desorb 
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 Structure Picture ΔG/eV Comments 

8 CH2OH+C(OH)2-CHO 

 

1.16 

+1OH at C2, C2-C3 

bond breaks; one 

molecule desorbs. 

After relaxation, the 

structure is same 

with 1. 

9 CH2OH-C(OH)2+*CHO 

 

3.68 

+1OH at C2, C2-C1 

bond breaks; one 

molecule desorbs 

5th step possibilities, based on CHOH=COH-CHO 

1 *COH=COH-CHO 

 

1.73 -1H at C3 

2 CHO*=COH-CHO 

 

0.51 -1H at O3 

3 CHOH=CO-CHO 

 

0.80 -1H at O2 

4 CHOH=COH-*CO 

 

1.35 -1H at C1 
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 Structure Picture ΔG/eV Comments 

5 CHOH=*COH+HCOOH 

 

2.46 

+1OH at C1, C1-C2 

bond breaks; one 

molecule desorbs 

6 CHOH=C(OH)2+*CHO 

 

2.69 

+1OH at C2, C2-C1 

bond breaks; one 

molecule desorbs 

7 CH(OH)2-*COH-CHO 

 

1.74 
+1OH at C3, C3=C2 

double bond breaks 

8 *CHOH-C(OH)2-CHO 

 

2.86 
+1OH at C2, C3=C2 

double bond breaks 

9 
CHOH=COH-

CH(OH)O* 

 

1.60 
+1OH at C1, C1=O1 

double bond breaks 
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Table S5. Possible formic acid electro-oxidation reaction intermediates and pathways on Fe–NC. 

 Structure Picture ΔG/eV Comments 

1st step possibilities, based on HCOOH 

1 *COOH 

 

-0.01 -1H at C 

2 HCOO* 

 

-0.17 -1H at O 

3 HC(OH)2O* 

 

1.34 

+1OH at C, C=O 

double bond breaks, 

adsorb 

2nd step possibilities, based on HCOO* 

1 CO2 

 

-0.58 
-1H at C, C=O double 

bond formed, desorb 
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Table S6. Possible formic acid electro-oxidation reaction intermediates and pathways on Ni–NC. 

 Structure Picture ΔG/eV Comments 

1st step possibilities, based on HCOOH 

1 *COOH 

 

1.13 -1H at C 

2 HCOO* 

 

0.75 -1H at O 

3 HC(OH)2O* 

 

2.21 

+1OH at C, C=O 

double bond breaks, 

adsorb 

2nd step possibilities, based on HCOO* 

1 CO2 

 

-0.60 
-1H at C, C=O double 

bond formed, desorb 
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