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S1 Details on the sequential CV measurement method

The corrosion of HM grades is an inherently transient-state phenomenon, in which
compositional variations, phase modification and phase formation processes take place
simultaneously, leading to irreversible and cumulative chemical and structural variations.

In this context, it is not clear whether a steady state can be achieved at all, and, in case
it is, what its physico-chemical meaning is. Moreover, corrosion studies of HM are gener-
ally based on traditional electrochemical methods—mainly linear-sweep voltammetry
(LSV) and EIS—the results of which can be interpreted with great difficulty in the case of
time-dependent material properties. Moreover, exhaustive analysis of the literature re-
porting LSV data reveals that, with the exception of [S1] where a quantitative analysis was
proposed, in the totality of other cases, the discussion of the results is limited to a descrip-
tion of the qualitative features of the curves [S2-510].

The scenario found in systematic CV measurements is significantly more complex
than the one represented in the literature. In fact, during an LSV measurement, the HM
composition changes dynamically, leading to differences in response to the scan rate.
Moreover, if the LSV scan is reversed or if it is repeated, the HM state at the beginning of
the reversal period or of the repeated scan is that resulting from the integral of all the
conditions undergone in the previous test, typically encompassing active dissolution,
pseudopassivation and transpassivity conditions. The application of these conditions in
sequence causes profound and irreversible modifications of both the binder and the hard
phase. Moreover, LSV measurements are typically preceded by a so-called equilibration
period at OCP [S11] that, again, in principle, brings about changes in the surface state of
the HM, depending on the aggressiveness of the electrolyte employed. In the case of the
neutral sulfate electrolyte employed in the present investigation, the variation of the HM
surface at OCP can be regarded to be negligible with respect to those brought about by
applied anodic polarization. If this condition holds, EIS measurements at OCP are reason-
ably representative of the state of the HM attained before this particular test. Meanwhile,
in the case of EIS tests with applied potential, the stationarity requirement is generally not
met (for an in-depth discussion of methodological aspects of EIS of HM, see [S1]).

S2 Model for linear-sweep voltammetry measurements of HM grades and fitting of
experimental data

The classes of electrochemical behavior, defined and discussed in Section 3.1 of the
main text, can be employed to form the basis of a general phenomenological model for
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linear-sweep voltammetries, either measured directly or extracted from CV curves of HM
grades, presented in Eq. (S1).

i(V) = lipr " fpy(V1, By) +ipg] - 27 (Vo Ag) + [ip + iy -
fr(V2, By) + i3+ fr(V3, B3)] - 2% (V},, Ap)

Where fpy, represents the Butler—Volmer equation, f;r represents the Tafel equation,
2~ and Z* are the sigmoidal equations and ip is the pseudopassivation current density
(c.d.). Non-linear least-square fitting was performed with the Levenberg-Marquardt
methods, implemented in the Origin software. The first term in the sum describes the low-
overvoltage range, encompassing active corrosion for grade Co-Ni and the electrochemi-
cal behavior in the pseudopassive state brought about by environmental exposure for the
remaining ones. The second term denotes, on the one hand, the pseudopassive range
found with grade Co-Ni and, on the other hand, the primary and secondary transpassivity
typical of Ni-Co, Co-Ni-Cr-Mo and Ni-Co-Cr-Mo at intermediate overvoltages. Finally,
this term accounts for transpassive conditions. Two electrokinetic processes were found
in the low-overvoltage range and up to three in the high-anodic range. The whole sets of
anodic-going scans, extracted from CV curves obtained by varying the ATV for the four
grades investigated, could be accurately fitted with some of the components of the general
form of the model explained above. The non-linear least-square fits in the whole investi-
gated potential range are shown, together with the measured data in Figure 2 and details
on the implementation of Eq. (S1) for the individual grades are reported below.

(S1)

2.1. Fitting of the CVs of Figure 1a for grade Co-Ni with Eq. (51)

In the case of grade Co-Ni, Eq. (S1) is implemented in the forms of Eq.s (51.1) and
(51.2) for ATV below and above the critical ATV of 640 Vagagcy, corresponding to one of
the Ecrit values listed in Figure 2 of the main text.

ATV<640 mVagagc=AT Vit

i(V) =lipr favy(V,B)) +A-V]-Z7(V,,A,) (S1.1)
Eq. (S1.1)

ATV>640 mVagiagcl

i(V) =lip1 - fav(Vi, By) +ip1] 27V, Ap) + [ip + oy (51.2)

fr(Va, By) + o3 - fr(V3, B3)] - 27 (Vp, Ap)

where ¥7(Va,,Aa) denotes deactivation of function [e] and Z*(Vb,Ab) the activation of func-
tion [e].

The physico-chemical meaning of Eq. (51.1) is that, at low-anodic overvoltages (be-
low ATVai), grade Co-Ni undergoes active corrosion of the binder, that—owing to its
multi-element composition—can be described by two electrokinetic processes. One of
these is farther from equilibrium and is expressed by a full BV equation #or-fsv(V1,B1), and
the second one is closer to equilibrium and can be described by a linearized BV equation
(A-V). These processes lead to pseudopassivation, the development of which can be de-
scribed by the Boltzmann equation with negative slope 21V 4.) with inflection point at Va
and width 4. After pseudopassivation, on the one hand, the behavior at low-anodic over-
voltages is modified and, on the other hand, a second set of processes is activated (Eq.
(51.2), as expressed by the Boltzmann equation with positive slope 2*(V,4), with inflec-
tion point at V» and width 4). In the low-overvoltage range (quantified by 21V, 4:)), only
one electrokinetic process is required, in addition to a constant c.d. i1, positively corre-
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lated with the ATV (Figure 56(b)), that can be interpreted with a pseudopassive c.d. re-
sulting from previous polarization at ATV in excess of ATVait. In the high-overvoltage
range (characterized by 2*(Vi, 4)), a pseudopassivity c.d. ir develops and transpassivity is
attained in two steps, described by two Tafel equations io-fr (V2,B2) and ios-fr (V3,B3).

2.2. Fitting of the CVs of Figure 1a for grades Ni-Co, Co-Ni-Cr-Mo and Ni-Co-Cr-Mo with Eq.
(S1)

In the case of grades Ni-Co, Co-Ni-Cr-Mo and Ni-Co-Cr-Mo, Eq. (S1) is implemented
in the forms of Eq.s (51.3) and (S1.4) for ATV below and above the critical ATVs specified
below, again corresponding Ect values selected from the list of Figure 2 of the main text.

ATV<AT Vit
(V) =ior fev(V,By) +A-V

ATV>AT Verit, being: ATVrit(Ni-C0)=830 mVagager; AT Verit(Co-
Ni-Cr-Mo)= 840 mVagiagci and AT Verit(Ni-Co-Cr-Mo)=845
mVag/agCl. (S1.4)

i(V) =io1 " fav(V1,By) + AV + [ip +ipy - fpv(V2, By) + ip3 -
fov(V3, B3)] - % (Vp, Ap) Eq. (S1.4)

Grades Ni-Co, Co-Ni-Cr-Mo and Ni-Co-Cr-Mo are pseudopassive under ambient
conditions, and their behavior at low-anodic overvoltages (below ATVeit) is described by
low-rate pseudopassive corrosion (Eq. (51.3)), again following two electrokinetic pro-
cesses as in Eq. (S1.1). The transpassive behavior above ATVt (Eq. (S1.4)) can be de-
scribed in the same way as for grade Co-Ni (see comments on the second addend of Eq.
(51.2)).

The fit parameters for Eq.s (51.1)—(S1.4) are reported in Table S1 and in Panels (c—f)
of Figure S6.

Parameter i (Figure S6(c)), the effective exchange c.d. in the low-anodic overvoltage
range where binder corrosion is the dominating process, correlates with the corrosion re-
sistance ranking Co-Ni<Ni-Co<Co-Ni-Cr-Mo<Ni-Co-Cr-Mo, for Co-Ni grows with ATV,
denoting progressive denobling of the binder phase, and decreases in the OER range,
probably owing to incipient mechanical damage of the corrosion product layer, as high-
lighted in Section 3.3 of the main text.

Also, parameter Vi (Figure S6(d))—the effective activation voltage of the key corro-
sion process at low-anodic voltages— correlates with the corrosion resistance ranking of
the grades and, in the case of the Cr-Mo-containing systems, it exhibits a progressive
growth with ATV, denoting progressive inhibition of the corrosion process involving the
binder.

With the exception of grade Ni-Co-Cr-Mo, the values of the effective anodic Tafel
slope in the low-anodic overvoltage range B: (Figure S6(e)) are typically higher than ex-
pected for classical mechanisms with electrochemical and chemical steps [S12]. This de-
notes the presence of layers inhibiting charge transfer, as expected in systems undergoing
pseudopassivation. In the low-overvoltage range, B: values anticorrelate with the corro-
sion resistance ranking of the materials, while higher values are found when the ATV
reaches the transpassive range, where B: tends to grow, becoming similar for all grades,
apart from Ni-Co-Cr-Mo. This can be explained with the fact that extensive corrosion of
WC in the transpassive range leads to progressive inhibition of binder corrosion. This
phenomenon correlates with the formation of W- and Co-containing mixed oxides [S513,
S14]. The B1 values for the highly corrosion-resistant grade Ni-Co-Cr-Mo, that are low and
independent of the ATV, indicate that the corrosion mechanism in the binder range is
stable and controlled by the synergy of Ni and Cr+Mo.

(S1.3)
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A is required only for grades w/o Cr+Mo (Co-Ni and Ni-Co) and is higher for the
higher-Co (less corrosion resistant) grade Co-Ni.

The model parameter Vi, denoting the onset of transpassivity (grade Co-Ni) or sec-
ondary transpassivity (other grades), was found to be close to AT Vi, coherently with the
definition of this quantity referring to a change in morphology of the CV curves (detailed
in Section 3.1 of the main text). Vi is lower for Co-Ni that is Co-rich w/o Cr-Mo and very
similar for other, notably more corrosion-resistant, grades.

The pseudopassivity c.d. i, (Figure S6(f)) is about constant with respect to ATV for
grades Co-Ni, Co-Ni-Cr-Mo and Ni-Co-Cr-Mo and anticorrelates clearly with the corro-
sion resistance of the grades. Grade Ni-Co, with a Ni-rich binder and no Cr+Mo additions,
grows with the ATV, changing from relatively very low values to values intermediate
between the level of grade Co-Ni and that of the grades with Cr+Mo. This shows that the
binder with a high Ni/Co ratio is very effective in protecting the binder in the potential
region in which WC is not severely attacked, while Cr+Mo additions synergize with the
high-Ni binder to afford the stabilization of the corrosion resistance when the material is
polarized in the transpassive range.

Regarding the model parameters for the transpassive range, the effective exchange
c.d. values 72 and 73 and the effective Tafel slopes B2 and Bs essentially correlate with the
corrosion resistance ranking, showing that the binder composition influences the corro-
sion mechanism in the WC corrosion range. Quantitatively, the largest difference is be-
tween grade Co-Ni and the other ones, showing that Ni and Cr have a larger impact in
controlling transpassive corrosion, in keeping with literature reports on the effect of these
alloying elements on corrosion resistance [S15, S16]. Coherently, the parameters V2 and
Vs, expressing the effective free-corrosion potentials for the transpassive charge-transfer
processes, group around similar values, controlled by the conditions for the attack of WC,
and essentially rank according to the corrosion resistance of the grades.

The values of the widths of the activation (4s) and deactivation (4) Boltzmann func-
tions all lie in the range ca. 30+60 mV and do not exhibit a clearcut dependence on the
specific grade.

S3 OCP relaxation after potentiostatic tests

To complement and deepen the potentiostatic tests described in Section 3.2.1 of the
main text, we also measured the potential relaxation at OCP (Figure S7(a)) and EIS (Figure
S7(b)) after attainment of OCP conditions. At all potentials and for all grades, a denobling
transient was measured, after which the potential tends towards an asymptotic level, with
the only exception of the fully developed transpassive conditions of grade Co-Ni, which
initially shows transient ennobling before the denobling relaxation. The denobling transi-
ents can be explained with the relaxation of the concentration of diffusible corrosion prod-
ucts at the interface of an active electrode. The initial ennobling is instead due to a more
complex interfacial compositional and structural relaxation of the more active grade Co-
Ni. Consequently, the asymptotic OCP values are different (either more or less noble)
from those of the pristine condition, depending on the binder composition and applied
potential. OCP values correlate well with the subsurface composition in the low pm range,
as measured by EDS (Figure 3(c) of the main text). It is worth noting that the presence of
Cr+Mo tends to keep the OCP after corrosion closer to that found under pristine condi-
tions, with a tendency to ennoble at potentials lower that the fully developed transpassive
range.

Complementary insight into the corrosion processes taking place at the Ecit values
(Section 3.2 of the main text) is achieved by EIS spectra measured at OCP in the pristine
state and after potentiostatic polarization (Figure S7(b)). The EIS fitting model is described
in Section 3.2.2 of the main text and the fitting results are reported in Table 3, again in the
main text. Grade Co-Ni shows evident activation after the PS tests. This activation is pro-
gressive under active corrosion conditions (240 mV), while the faradaic resistance grows
progressively in the pseudopassive (340, 440 mV) and incipient transpassive (640 mV)
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states. Grade Ni-Co exhibits passive behavior both at OCP and upon incipient secondary
transpassivity (830 mV), with a slightly larger Rr in the latter case. Grade Co-Ni-Cr-Mo,
containing Cr+Mo, on the one hand shows much higher Rr values with respect to Cr-free
grades Co-Ni and Ni-Co and, on the other hand, a progressive activation with increasing
anodic polarization. Instead, Ni-rich and Cr+Mo-containing grade Ni-Co-Cr-Mo exhibits
high Rr—accompanied by mass-transport control at low frequency —together with a ten-
dency to stronger passivation at higher anodic potentials, coherently with the ennobling
observed in Figure S7(a). This unique behavior among the investigated HMs correlates
straightforwardly with the high-Ni, Cr+Mo-containing binder composition.

S4 Detailed analysis of the electrochemical HM demolition process

As expounded in Section 3.3 and schematized in Figure 6 of the main text, electro-
chemical demolition of HMs can be obtained by the application of appropriate potenti-
ostatic square-wave cycles, causing, sequentially: (a) the formation of corrosion product
film, (b) release of Oz bubbles at the film/metal interface, (c) film detachment. Figure S12
reports the c.d. response of the four investigated HM grades. It can be noticed that the
apparent decrease in c.d., more evident in Figure S12(a, d), is a result of the reduction in
active area of the sample, due to macroscopic shape changes resulting from the progress
of demolition. Apart from these details, the c.d. levels found in the pulsed-corrosion ex-
periments match closely with the values found in the potentiostatic staircase experiments
of Figure S11.

Regarding the impact of pulsed corrosion on HM demolition, on the one hand, de-
tachment of corrosion product disks is obtained with all grades but, on the other hand,
some aspects of the process are material dependent. Specifically, with Co-Ni, the moment
of detachment of the corrosion product disks very reproducibly occurs ca. 50 s after
switching to OER conditions, and it is marked by a clear electrochemical signature: just
before detachment, a dip in the current can be noticed (Figure S13(a)). This can be ex-
plained with the filling of the pores by gas, corresponding to a pressure build-up at the
interface between the corrosion product film and the embedded electrochemically active
interface that leads to film detachment.

A similar, though less reproducible, behavior is found with grade Ni-Co-Cr-Mo:
here, the detachment occurs at each pulsed-corrosion cycle, ca. 150-500 s after having
switched to OER conditions; the same electrochemical signature was found as with grade
Co-Ni (Figure S13(b)). However, under the investigated conditions, disk detachment from
samples Ni-Co and Co-Ni-Cr-Mo does not show a clear periodic behavior and it does not
seem to correspond to each pulsed-corrosion cycle.

Despite the disk detachment grade dependence, all the low-potential corrosion steps
show an essentially constant c.d. over time. In fact, the high-potential demolition step re-
stores the surface available for the corrosion process, allowing the maintenance of a highly
effective corrosion rate. This is further proved in Figure 514, which compares potenti-
ostatic switching experiments with PS ones, carried out at the low-anodic polarization. In
all cases, potential switching leads to higher anodic c.d., denoting effective activation; this
effect is more marked for Co-rich grades (Co-Ni and Co-Ni-Cr-Mo), for which pseudopas-
sivation is a state that can be reached with electrochemical control, as pinpointed in Sec-
tion 3.2 of the main text.
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Figure S1. Quantitative analyses of the CVs of Figure 1(a—d) for the grades indicated in the panels.
(a, ¢, e, g) Specific charge per cycle (rationed over the voltage span of a given CV), as a function of
the number of cycles, for a given anodic terminal voltage (ATV, color-coded as shown in the image).
(b, d, £, h) Specific charge per cycle vs. ATV, averaged over all cycles measured with a given ATV
(an extract of these data is reported in Figure 1(f)). For ease of reference, the ATVs are color-coded
in each panel. (a) Co-Ni, (b) Ni-Co, (c) Co-Ni-Cr-Mo, (d) Ni-Co-Cr-Mo.
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Figure S2. Grouping in classes of voltammetric shapes for the CVs measured by progressively shift-
ing the anodic terminal voltage (ATV) with grade Co-Ni.
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Figure S3. Grouping in classes of voltammetric shapes for the CVs measured by progressively shift-
ing the anodic terminal voltage (ATV) with grade Ni-Co.
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Figure S4. Grouping in classes of voltammetric shapes for the CVs measured by progressively shift-
ing the anodic terminal voltage (ATV) with grade Co-Ni-Cr-Mo.
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Figure S5. Grouping in classes of voltammetric shapes for the CVs measured by progressively shift-
ing the anodic terminal voltage (ATV) with grade Ni-Co-Cr-Mo.
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Figure S6. Fit parameters for Eq. (S1) (see also Panel (a)), as a function of the ATV. (b) ir: for grade
Co-Ni; (¢) io1; (d) V1; (e) By; (f) ip.
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Figure S7. (a) OCP measurements carried out after the potentiostatic tests at the critical potentials
Ecit reported in Figure 3(a). (b) EIS spectra measured at OCP in pristine conditions and after the
OCP relaxation of Panel (a).
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Figure S8. SEM micrographs of HM grade Co-Ni after potentiostatic polarization at the indicated
potentials. Left column: secondary electron images; right column: backscattered electron images.



Metals 2023, 13, 1376 16 of 22

Ni-Co
650 mV

Ni-Co
830 mV

Ni-Co-Cr-Mo
845 mV

»

Z12@ER - 1BMm L AII/NOUKZ L

(e)

Figure S9. SEM micrographs of HM grades Ni-Co and Ni-Co-Cr-Mo after potentiostatic polariza-
tion at the indicated potentials. Left column: secondary electron images; right column: backscattered
electron images.
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Figure S10. SEM micrographs of HM grade Co-Ni-Cr-Mo after potentiostatic polarization at the
indicated potentials. Left column: secondary electron images; right column: backscattered electron
images.
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Figure S11. Anodic potentiostatic experiments extending into the OER region for the indicated HM
grades. (a) Current density (c.d.) vs. time; (b) c.d. vs. applied potential; (c) chronoamperograms at
1.55 Vag/agal. Serration of the c.d. time-series at potentials in excess of 1.55 Vag/agci denotes Oz bubble
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Figure S12. The c.d. time-series resulting from potentiostatic anodic square-wave cycling, leading
to electrochemical HM demolition, for the four investigated grades: (a) grade Co-Ni; (b) grade Ni-
Co; (c) grade Co-Ni-Cr-Mo; (d) grade Ni-Co-Cr-Mo. The low- and high-anodic potentials, specified
in the images, are applied for 40 min each. Panel (e) compares the four time-series and shows details
of the c.d. response to low- and high-anodic potentials.
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Figure S13. Details of the c.d. time-series resulting from pulsed anodic potentiostatic polarization
for electrochemical HM demolition of grades Co-Ni (a) and Ni-Co-Cr-Mo (b), highlighting the elec-
trochemical signature corresponding to the detachment of a corrosion product disk at each cycle.
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Figure 514. Comparison of the c.d. values corresponding to potentiostatic polarization in the low-
anodic range: potential cycling (black lines) and constant potential (plotted in color) experiments
for the HM grades are indicated.

Table S1. NLLS estimates and their 95% confidence levels for the model parameters of Eq.s (51)—

(S4).

Grade Co-Ni Ni-Co Co-Ni-Cr-Mo Ni-Co-Cr-Mo
io1 (MACM™2) see Fig. S6(c) 0.064040.0830 0.0049+0.0053 0,0002+0,0003
V1 (Vagiage)  -0.3450+0.0348 -0.1714+0.0614 see Fig. S6(d) see Fig. S6(d)

B: (MmV) see Fig. S6(e) see Fig. S6(e) see Fig. S6(e) 92.57+55.25

A (VY 4.431E-3+5.182E-3 1.103E-4+1.489E-4 N/A N/A
ip1 (MACcmM?)  see Fig. S6(b) N/A N/A N/A
Va (Vagager) 0.3214+0.0140 N/A N/A N/A

Aa (MV) 27.91+18.28 N/A N/A N/A
ip(MAcm?)  1.9693+0.3976 see Fig. S6(h) 0.700840.0443 0.3416+0.0286
iz (MA cm?)  0.4141+0.3975 0.0138+0.0072 0.003340.0032 0.0016+0.0013
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V2 (V) 0.7035+0.0257 0.7043+0.0472 0.7285+0.0701 0.7898+0.0104
B, (mV) 209.6196.8 67.22+1.85 62.87+11.18 74.23+19.65
ios (MAcm?)  0.0163+0.0031 0.0158+0.0078 0.0097+0.0039 0.0029+0.0011

V3 (V) 0.6538+0.0421 0.6800+0.0960 0.6536+0.0399 0.6934+0.0532
Bz (mV) 418.7+210.4 162.4+33.6 161.0+£002.5 96.04+3.42
Vb (Vagiagel)  0.7080+0.0195 0.7908+0.0215 0.7607+ 0.0874 0.8241+0.011
Ay (MV) 46.27+19.30 50.36+48.71 61.95+ 30.71 27.52+31.18
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