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S1. Anode role investigation

S1.1 Surface morphology

Pictures of the various samples (Fig. S1) show the variation in colour due to the use of 
different anode material in both as-deposited and annealed cases. 

Figure S1. Pictures of electrodeposited FeCrNi coatings: Pt anode cases (a) as-deposited and 
(b) annealed; Ni anode cases (c) as-deposited and (d) annealed.
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S1.2 X-ray photoelectron spectroscopy (XPS)

The signal from the Pt anode and Ni anode as-deposited samples are similar, therefore they 

possess comparable peak fittings. 

At surface level, the carbon C 1s signal can be divided into three peaks (Fig. S2a and S3a), i.e. 

C-C and/or C-H at 284.8 eV, C-OH at 286.4 eV and C=O groups at 288.6 eV. The oxygen O 

1s peak at 529.5 eV is attributed to metal oxides. The transition at 531.3 eV may be associated 

to carboxylic (C-OH, -COOH) and/or hydroxyl (-OH; metal hydroxides) groups, whereas the 

peak at 532.5 eV may be linked to carbonyl groups (C=O). The spectral components of Fe 

2p3/2 possess binding energies (BEs) of 709.5 eV, 711.7 eV and 714.8 eV. The first and third 

BE values may be attributed to iron oxide (FeO) and its satellite peaks, while the second 

transition matches iron in hydroxide form (FeOOH). The chromium Cr 2p3/2 signal (Cr 2p 

spectra in Fig. S2a and S3a) can be deconvoluted into two major peaks, i.e. at 576.2 eV and 

approx. 577 eV corresponding to Cr2O3 and Cr(OH)3
1, respectively. Interestingly, only the Ni 

anode FeCrNi coating exhibits a distinguishable Ni 2p3/2 signal on the surface (figure not 

shown), attributed to nickel oxide, with two main peaks at 853.4 eV and 856.0 eV and two 

broad satellites at 860.5 eV and 863.8 eV2.

In depth of the coating (Fig. S2b and S3b), the O 1s spectral components can be fitted 

assuming two contributions. The first, located at 529.7 eV, is assigned to chromium oxide, 

whereas the second at 530.6 eV may be associated with iron oxide. The well-resolved C 1s 

peak at 282.5 eV may be associated to chromium carbide (Cr3C2)3 or a carbide-like metallic 

mixture. This is partially confirmed by the Cr 2p3/2 spectra, in which three peaks fit the signal 

at BEs of 573.4 eV, 574.6 eV and 576.3 eV, corresponding to metallic chromium, carbide-like 

bond (Cr-C) and Cr oxide (most probably Cr2O3), respectively. However, it is difficult to 

separate the two contributions as the chromium carbides and oxides are so close to one 

another. Even though the amount of nitrogen within the coating is minimal, a peak is still 

registered at 396.7 eV, most probably associated with chromium nitride (CrN)4 or nitride-like 
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bond to chromium (Cr-N). In contrast, the chemical state of Fe is mainly metallic with a well-

defined peak at 706.5 eV and a small convoluted peak at approx. 711 eV, possibly linked to 

magnetite (Fe3O4). Likewise, Ni 2p3/2 core-level XPS spectra present a typical metallic peak 

fitting (BE at 852.1 eV and two satellites at 856.6 eV and 858.6 eV). 

After annealing, the samples surfaces were heavily cracked and damaged, probably caused by 

the occurrence of hydrogen degassing and crack expansion. For this reason, the XPS spectra 

were only evaluated after sputtering, in-depth of the coating. In the case of the Pt anode 

FeCrNi film, all elements have similar peak fitting as in the as-deposited sample, however, 

with different intensities (Fig. S2c). The overall oxidation signals (oxide and carbide-like) 

increased and became comparable to the metallic signals. Here, the contribution of nitrogen is 

weak, however the BE at 396.2 eV may correspond to a nitride-like bonding. In contrast, the 

annealed Ni anode FeCrNi film shows neither carbon nor nitrogen peaks. The remaining 

elements (i.e. Fe, Cr, Ni and O) have identical peak fitting as for the as-deposited counterpart, 

although the metallic chromium signal (Fig. S3c) is rather low in comparison to the enhanced 

contribution from oxide and carbide-like states. 
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Figure S2. Cr 2p, C 1s and O 1s XPS fitted spectra of electrodeposited Pt anode FeCrNi film: 

(a) surface and (b) in-depth (approx. 50 min sputtering) contributions of the as-deposited 

sample; (c) in-depth (approx. 50 min sputtering) results of the annealed case.
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Figure S3. Cr 2p, C 1s and O 1s XPS fitted spectra of electrodeposited Ni anode FeCrNi film: 

(a) surface and (b) in-depth (approx. 50 min sputtering) contributions of the as-deposited 

sample; (c) in-depth (approx. 50 min sputtering) results of the annealed case.
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Table S1 shows the atomic weights for the different elements as a function of their oxidation 

state, evaluated in-depth of the coating (approx. 50 min sputtering time). The Fe to O 

stoichiometric ratio is approx. 3 to 4 in all cases, which confirms that the iron oxide is in 

Fe3O4 form. It is difficult to put forward definite conclusions regarding chromium, due to 

complex peak fitting. For the oxide, in all cases the Cr to O proportion is 1:3, which is in 

contrast with both fitting of Cr 2p and O 1s, stating chromium oxide is in the Cr2O3 form. 

Instead, chromium to carbon stoichiometric ratio (Cr:C) considering carbide-like 

contributions, shows much broader variations: Pt anode as-deposited (C16.4 at%) Cr:C is 1:3, 

Pt anode annealed (C6.5 at%) Cr:C is 1:1, Ni anode as-deposited (C4.2 at%) Cr:C is 1:1 and 

Ni anode annealed (C0.8 at%) Cr:C is 20:1. These differences may also be associated to a 

partial superimposition of the Cr-C contribution with Cr oxide, making presence of Cr2O3 

more probable. Nevertheless, the material can still be considered as stainless steel-like FeCrNi, 

having metallic stoichiometric proportion (Fe:Cr:Ni) similar to austenitic stainless steel.  

Table S1. Atomic weight of Fe-Cr-Ni-O-C-N in function of oxidation states from XPS 

peaks fitting of electrodeposited FeCrNi: Pt anode and Ni anode, as-deposited and 

annealed films, analysed in-depth

Fe (at%) Cr (at%) Ni (at%) O (at%) C (at%) N (at%)
Fe met. 34.5 Cr met. 8.0 Ni met. 11.7 Cr oxide 12.4 Carbide-like 12.5 1.5
Fe oxide 3.3 Cr-C 3.9  Fe oxide 4.4 C-C, C-H 3.9

Nitride
-likePt anode 

as-deposited
  Cr oxide 3.9         

Fe met. 31.5 Cr met. 6.5 Ni met. 21.0 Cr oxide 15.8 Carbide-like 3.9 1.9
Fe oxide 3.7 Cr-C 4.4  Fe oxide 6.4 C-C, C-H 0.3

Nitride
-likeNi anode 

as-deposited
  Cr oxide 4.6    

               
Fe met. 32.2 Cr met. 9.3 Ni met. 10.3 Cr oxide 16.7 Carbide-like 6.0 1.9
Fe oxide 3.8 Cr-C 7.8  Fe oxide 5.3 C-C, C-H 0.5

Nitride
-likePt anode 

annealed
  Cr oxide 6.2         

Fe met. 22.0 Cr met. 5.9 Ni met. 14.6 Cr oxide 26.1 Carbide-like 0.5 0.8
Fe oxide 4.5 Cr-C 9.9  Fe oxide 6.5 C-C, C-H 0.3

Nitride
-likeNi anode 

annealed
  Cr oxide 8.9         
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S2. Investigation of Cr(III) complexation

S2.1 X-ray photoelectron spectroscopy (XPS)

In terms of oxidation states from XPS analysis in-depth, the Standard electrolyte cases are 

similar to the previously described Pt anode sample. From Table S2, it can be seen that 

current density amplification only affects metal contributions, mainly chromium, passing 

from 5.9 to 10.1 at% from lower to higher applied current density and does not affect the 

carbide and oxide contributions. For the coating obtained from the No Cr-Glycine bath, no 

visible peaks were registered for the carbon and nitrogen signals and the oxygen O 1s spectral 

component was fitted with a low intensity peak at BE of 530.6 eV, associated to iron oxide 

(magnetite or hematite). Ni is present in metal form, the Fe 2p spectra with respect to the 

Standard electrolyte sample shows that the metal contribution slightly decreases, whereas the 

oxide is more pronounced (BE at 711.5 eV). When comparing the No Cr and No Cr-Glycine 

electrolyte films, spectra quantifications show that the glycine addition causes an increase in 

oxygen O 1s peak intensity (linked to Fe oxides) and the carbon C 1s signal once more fits 

with a carbide peak (BE at 282.7 eV). It was observed that, iron and nickel 2p3/2 peaks are 

affected the most by the glycine addition (Table S2), where the first increased (both metallic 

and oxide contributions) and the second significantly decreased.
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Table S2. Atomic weight of Fe-Cr-Ni-O-C-N in function of oxidation states from XPS 

peaks fitting of electrodeposited FeCrNi: from Standard, No Cr-Glycine and No-Cr 

electrolytes, analysed in-depth

Fe (at%) Cr (at%) Ni (at%) O (at%) C (at%) N (at%)
Fe met. 37.1 Cr met. 5.9 Ni met. 18.1 Cr oxide 11.3 Carbide-like 10.8 0.9
Fe oxide 3.8 Cr-C 2.8 Fe oxide 4.9 C-C, C-H 0.4

Nitride-
likeStandard

(-60 mA/cm2)
  Cr oxide 4.0         

Fe met. 37.3 Cr met. 10.1 Ni met. 11.9 Cr oxide 11.3 Carbide-like 9.2 1.4
Fe oxide 4.0 Cr-C 2.8  Fe oxide 5.9 C-C, C-H 1.9

Nitride-
likeStandard

(-80 mA/cm2)
  Cr oxide 4.2    

               
Fe met. 20.8  Ni met. 68.8 Fe oxide 2.1 C-C, C-H 0.6   No Cr-Glycine

(-80 mA/cm2) Fe oxide 7.7           
Fe met. 32.9  Ni met. 39.1 Fe oxide 15.0 Carbide 1.9 N 0.6No Cr

(-80 mA/cm2) Fe oxide 9.8       C-C, C-H 0.7   
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S2.2 Complexation study and chemical equilibrium diagrams

When taking into account the bath acidic pH (approx. 1) and the dissociation constants of 

various molecules, the existing ions, not including metals, could possibly be: ammonium 

(NH4
+ ⇌ NH3 + H+ ; pKa = 9.255), sodium (Na+), chloride (HCl ⇌ Cl- + H+ ; pKa = -5.96), 

glycine cation GlyH2 (NH3
+CH2COOH ⇌ NH2CH2COOH + H+ ; pKa = 2.347), formaldehyde 

(CH2O ⇌ CHO- + H+ ; pKa = 13.277) and  formic acid (HCOOH ⇌ HCOO- + H+ ; pKa = 

3.757). However, when considering the complex stability constants of metals and electrolytes 

ligand ions, monoligand Cr(III)-glycine complexation is favoured8 (logβ = 8.49) with respect 

to Fe(II) (logβ = 4.39,10) and Ni(II) (logβ = 6.29) glycine complexes due to the bath preparation 

process11. In the presence of formic acid and/or carboxylate ions, these molecules are likely to 

complex with Ni(II) (logβ = 3.212) and Fe(II) (logβ = 2.612), however not with Cr(III) (logβ = 

1.913) as it is already linked to glycine. 

In aqueous solution, the studied transition metal ions (i.e. Fe, Cr and Ni) are stable and take 

the form of hydrate complexes within the considered pH range, unless previously complexed 

by ligand molecules. However, hydrolysis is a common reaction when pH and/or temperature 

are increasing: for example, a rise in pH of above 5 at the cathode can lead to the formation of 

Ni(OH)+ (logβ = 4.114) and Fe(OH)+ (logβ = 4.514) hydroxides ions15. It is unlikely that 

Cr(III)-glycine complex will undergo hydrolysis, due to the low stability constant of Cr(III)-

hydroxides (Cr3+ ⇌ Cr(OH)2+ + H+ ; logβ = -4.216), however this Cr(III)-hydroxo equilibrium 

can be shifted to the right at higher pH values at the cathode.

Chemical equilibrium diagrams extrapolated from Medusa software show that for the No Cr 

electrolyte with an ionic strength (I) of 2.79 (Fig. S4a), Ni-glycine and Fe hydroxides 

complexes are favoured when pH increases at the cathode surface. However, in case of No 

Cr-Glycine bath with I equal 2.59 (Fig. S4b), as expected, the most probable complexes to 

form with the increase in pH are nickel and iron hydroxides.  
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Figure S4. Chemical equilibrium diagrams obtained from Medusa software for (a) No Cr and 

(b) No Cr-Glycine electrolytes.
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S2.3 UV-vis absorbance spectra

The UV-vis absorption spectra were compared for the FeCrNi electrolytes (both fresh and 

galvanostatically aged) and the commercial chromium baths (Fig. S5). All FeCrNi electrolytes 

display similar peaks at wavelengths of λ1 = 407 nm and λ2 = 576 nm, corresponding to 

Cr(III) complexed with glycine17,18, confirming the results from Section S2.2. A third 

contribution towards the UV region of the spectra (λ3 ≈ 326 nm) seems to appear only after 

aging the solution using a platinum anode. Fresh commercial decorative trivalent chromium 

bath exhibits two maxima at 421 and 586 nm, which were identified as Cr(III) complexed 

with some other organic compounds (e.g. formic acid19, oxalate17, polyethylene glycol20) and 

these peaks are similar to the ones from FeCrNi, however, slightly shifted towards longer 

wavelengths. In comparison, hard hexavalent chromium bath shows a clear peak at 349 nm 

corresponding to Cr(VI) ions, as observed in other literature works21–23. The vicinity of this 

Cr(VI) contribution with respect to FeCrNi Pt anode aged electrolyte local maximum (λ3) 

could denote the presence of Cr(VI) ions inside the FeCrNi solution, although the wavelength 

difference from Cr(VI) and FeCrNi λ3 maxima is rather large (Δλ ≈ 25 nm). Another 

explanation is that aging leads to the formation of additional compounds inside the electrolyte, 

mainly uncomplexed glycine, which can oxidise at the anode to form formic acid or other 

carboxyl molecules. These compounds could be responsible for the increase in absorbance in 

the near UV region24. 
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Figure S5. UV-vis absorption spectra of: (bottom) FeCrNi electrolytes and (top) commercial 

decorative trivalent and hard hexavalent chromium baths.
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