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Abstract

An effective non-noble-metal electrocatalyst for alkaline water electrolysis must enable fast electron
transfer, high reactivity at the surface-liquid interface, stable active-site chemistry, and minimal current
leakage upon prolonged bias application. Alkaline hydrogen evolution catalysts based on Co—-N-C
materials derived from ZIF-67 precursors are appropriate choices in this regard owing to the ability
of their cobalt-imidazolate chemistry to tune metal centers, nitrogen incorporation, and conductive
porosity of the carbon matrix simultaneously. In this work, we analyze the electrochemical properties
of a series of sequentially chemically linked ZIF-67 (unchanged), ZIF-67@DCD (dicyandiamide),
and NiSAs@ACNTF (nickel addition) catalysts. Combination of LSV, CV, and CA analyses allows
for differentiation between real improvements of catalytic kinetics and alterations of double-layer
capacitative properties. The latter show a decreasing trend in the CV-based sequence: ZIF-67
(7.28 mFem—2) > ZIF-67@DCD (5.14 mFem—2) > NiSAs@ACNTF (4.89 mFcm™—2). However, the
LSV profile selects NiSAs@ACNTF as the best-performing candidate. Thus, higher catalytic activity
of the catalyst with nickel addition cannot be accounted for by the growth of its capacitive interface,
and should rather be attributed to better active site chemistry and increased electronic interaction
within the nitrogen-doped carbon host. CA data reveal the stability of the activity edge during a
ten-hour operating regime after the initial activation process. The key finding of the work lies in
a combined analysis of kinetic, capacitive, and durability parameters that characterize accessible
surface, catalytic performance, Kinetic rate, and retention within a precursor family.

Keywords: ZIF-67; non-noble-metal electrocatalyst; water splitting; nickel single atoms;
cyclic voltammetry; double-layer capacitance; chronoamperometry; catalyst durability

1. Introduction

This constraint has led to extensive research into earth-abundant elec-
trocatalysts composed of Ni, Co, Fe, nitrogen-doped carbon, metal
sulfides/phosphides/nitrides/oxides, and hybrid carbon matrices [1-5].

Electrochemical water splitting offers a straightforward means of turn-
ing electrical energy derived from renewables into stored chemical
fuel in the form of hydrogen. The efficiency of such an energy trans-
formation is dictated by the kinetic properties of hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER), both requiring
highly efficient catalysts able to work at very low overpotential and
remain active upon long-term application of strong potential bias. Cur-
rently, Pt-based compounds retain excellent performance for HER,
whereas IrO; or RuO; are typical catalysts for OER; however, the use
of noble metals presents severe restrictions on wide-scale application.

One class of precursors suitable for fabrication of catalytically active
materials is metal-organic frameworks (MOFs). Ordered structures
involving ligands coordinated with a metal center allow the creation of
carbon nanomaterials characterized by flexible chemical composition
and structural configuration of metal, nitrogen, and carbon moieties.
ZIF-67, being a representative of imidazole MOFs containing cobalt
ions, is extensively studied due to its capacity to create various combi-
nations of cobalt, nitrogen, and carbon in the form of Co-N-C units,
cobalt nanoparticles, and doped carbon [6, 7]. In addition, the use of di-
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cyandiamide (DCD) as a co-solvent facilitates nitrogen chemistry and
carbon modification, and nickel introduction into the catalyst leads to
additional active sites as well as alteration of electronic configuration
[6, 7]. The variety of chemical aspects makes ZIF-67 derivatives at-
tractive in separation of individual precursor contributions, generation
of active sites, and charge transport mechanisms.

One of the challenges associated with electrocatalyst characterization
stems from a misconception about geometric current. The higher
current delivered by a given material cannot be directly correlated
to either a higher surface area, presence of intrinsically more active
reaction sites, more efficient charge transfer, or higher catalytic dura-
bility. The values of onset potential, overpotential at a fixed current
density, Tafel slope, double-layer capacitance, scan rate dependence,
and chronoamperometric measurements provide distinct data related
to different physical parameters and cannot be considered equivalent.
Proper characterization of an electrocatalyst requires consistent elec-
trode preparation, reporting electrolyte and reference electrode type,
consideration of internal resistance contribution, precise measurement
of mass loading, Faradaic efficiency evaluation, and stability assess-
ment beyond mere visual analysis of polarization curves [8—10].

In this study, we ask whether the superior response of nickel-doped
NiSAs@ACNTF is related to an increased electrochemically accessi-
ble area or improved kinetics and durability. The distinction between
these two cases is crucial because increased charge accumulation on
a highly capacitive material does not imply that all reaction sites are
optimally active. At the same time, materials showing lower double
layer capacity might demonstrate higher activity if their sites are better
designed in terms of energetics and conductivity. Moreover, enhanced
stability is also critical in the context of water splitting electrocatalysis.
This paper makes three independent contributions. First, it evaluates
the differences among ZIF-67, ZIF-67 @DCD, and NiSAs@ACNTF
using the same characteristic set. Second, it detects the clear reversal
between capacitance and activity measured in CV and LSV modes,
respectively, thus revealing the dissociation between apparent accessi-
bility and productivity of a Ni-containing catalyst. Third, it interprets
the electrochemical results in light of chemical transformations that
include reconfiguration of N/C matrix in the case of DCD and intro-
duction of Ni into the catalytically active structure.

2. Materials and Electrochemical Analysis

2.1. Catalyst series and measurement conditions

The catalyst sequence contains three ZIF-67-derived materials. The
first material, ZIF-67, is obtained from pristine ZIF-67. The second
material, ZIF-67@DCD, introduces DCD into the ZIF-67 precursor
to modify the nitrogen/carbon environment before thermal conver-
sion. The third material, NiSAs@ACNTF, incorporates nickel into
the ZIF-67@DCD precursor, yielding a Ni-containing MOF-derived
electrocatalyst. The precursors are pyrolyzed under argon at 750 °C,
producing carbonized catalysts for electrochemical testing [7].
Catalyst inks are prepared by dispersing catalyst powder in a wa-
ter/isopropanol/Nafion mixture. The working electrode is produced
by drop-casting the ink onto carbon cloth at a mass loading of
0.3 mgcm 2. A Hg/HgO electrode serves as the reference electrode
and a graphite rod serves as the counter electrode. Potentials are re-
ported on the reversible hydrogen electrode (RHE) scale after reference
conversion according to

ERHE = Eqtg/ne0 + Egg Jtigo +0-059pH, 1)

where 0.059 V is the Nernst slope at 25 °C. The electrochemical record
includes LSV, scan-rate-dependent CV, and chronoamperometry for
current-retention evaluation [7].

The comparison is internally controlled because the three catalysts
share the same precursor family, electrode substrate, catalyst loading,
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Figure 1: Coupled electrochemical evaluation of the ZIF-67-derived catalyst
sequence. The same electrode record is interpreted through LSV, CV, and
chronoamperometry to separate kinetic response, capacitive accessibility, and
current retention within a common precursor family.

and measurement configuration. Absolute comparison with external
catalyst systems requires matched electrolyte composition, reference
calibration, electrode area, catalyst loading, gas-product quantification,
and resistance-correction conditions [9, 10]. The present analysis
therefore emphasizes within-series ranking and descriptor coupling.

2.2, LSV-derived kinetic descriptors

The LSV response is expressed as j(E), where j denotes geometric
current density. For catalyst c, the onset descriptor is defined by a fixed
current-density threshold,

Eonset(c) :E(‘]C(E)‘ :jlh)v (2)

where jy, is selected before fitting. A common threshold is essential
because changing ji, can alter apparent onset values without changing
the underlying polarization curve.

The Tafel slope is estimated from the kinetic region of

1N =a+blogljl, ©)

where 7] is the overpotential, a is the intercept, and b is the Tafel
slope. The fitting interval excludes points dominated by capacitive
current, mass-transport limitation, and near-zero-current noise. The
local post-onset growth rate is further evaluated as

_ dli(E)|

so that the steepness of catalytic amplification can be compared across
the catalyst sequence. A larger G(E) after onset indicates that a smaller
additional driving force produces a larger current response.

2.3. CV-derived capacitance and rate descriptors

The apparent double-layer capacitance is obtained from the scan-rate
dependence of current in a potential region where non-Faradaic charg-
ing is dominant. At the selected potential, the anodic—cathodic current
difference is

Aj=ja—Je (3)
with

N

7] = Cqvs (6)

where v is the scan rate. The slope of Aj/2 against v gives Cq;. When
the plotted convention uses Aj rather than Aj/2, the slope must be di-
vided by two before comparing catalysts. This distinction is necessary
because an inconsistent convention changes the numerical value while
preserving the qualitative trend.
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chronoamperometric retention reading
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Figure 2: Chronoamperometric retention descriptor. The quasi-steady interval
begins after the initial stabilization period, and current retention is evaluated
from | j(r7)|/]j(ts)| over the ten-hour operating window.

Rate tolerance is assessed from the variation of a scan-rate-dependent
descriptor Q. (v):

(O]

where o is the standard deviation across tested scan rates and Q. (v)
is the corresponding mean. A higher Ry, indicates a more stable
response across scan rates. When full CV traces are available, the
relation

i(V) =a(Vv)*V) ®)

can distinguish diffusion-influenced behavior (b ~ 0.5) from surface-
controlled capacitive behavior (b ~ 1). The current can also be parti-
tioned as

i(V) =ki(V)v+hka(V)v'/2, )

where kjv represents the surface-controlled contribution and kyv!/2
represents the diffusion-influenced contribution [11-13].

2.4. Chronoamperometric stability descriptors

The chronoamperometric response j(¢) is evaluated after the initial
wetting and equilibration interval. Current retention is defined as

j(ty)]

dur — . )
O]

where f; is the start of the quasi-steady region and 7y is the final
measurement time. Time-dependent drift is quantified using

10)

Jt) = jo+at (11)
for a linear drift model, and
J(t) = jeo+Aexp(—t/7) (12)

for a relaxation model. Model selection is based on residual structure
and adjusted goodness of fit. Reporting both Sg,; and o prevents
stability from being inferred only from the visual flatness of a current—
time curve.

2.5. Coupled performance index

A normalized catalyst descriptor vector is defined as

P. = (AL‘7KCaCL‘7RCaSC)7 (13)
where A, denotes apparent activity, K. denotes kinetic favorability,
C. denotes capacitive accessibility, R. denotes scan-rate robustness,
and S, denotes current retention. Each component is scaled from 0
to 1 within the catalyst set. For descriptors where smaller values are
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Figure 3: Within-series LSV activity order for the ZIF-67-derived catalysts.
The Ni-containing material shows the earliest apparent onset and strongest
post-onset response, whereas pristine ZIF-67 gives a weaker kinetic response
despite having the largest capacitance.

favorable, such as overpotential or Tafel slope, min—max scaling is
inverted:

Xmax — X¢
XC* — fmax ¢ (14)
Xmax — Xmin
The combined index is
Ie = wpAc +wgKe +weCe +wrR: +wsS,, (15)

where the weights satisfy ), w; = 1. The index is a consistency check
across descriptors; individual electrochemical quantities remain the
primary evidence. Sensitivity to the weights should be examined when
catalyst selection prioritizes activity, durability, cost, or rate response
differently.

3. Results

3.1. LSV response identifies a kinetic gain after Ni incorpo-
ration

The comparative LSV response ranks NiSAs@ACNTF as the most
active catalyst in the sequence. It reaches the cathodic current threshold
at a less negative apparent potential than ZIF-67 and ZIF-67@DCD,
and its post-onset current rises more sharply with applied potential.
These features indicate a lower apparent Kinetic barrier and stronger
catalytic amplification after reaction initiation. Because the catalysts
are evaluated with the same electrode preparation and electrochemical
configuration, the relative order within the sequence is meaningful even
when absolute current values are not used for external comparison.
The LSV order is mechanistically significant because it does not
follow the capacitance order. If the activity increase were caused
mainly by a larger electrochemically accessible area, the material
with the largest CV-derived capacitance would be expected to give
the strongest LSV response. The opposite relation is observed: pris-
tine ZIF-67 has the largest apparent capacitance, while Ni-containing
NiSAs@ACNTF shows the strongest catalytic response. The result
indicates that nickel incorporation improves the productivity of active
sites or charge-transfer pathways rather than merely expanding the
capacitive interface.

3.2. CV-derived capacitance separates accessibility from
catalytic activity

The scan-rate-dependent CV response gives a clear capacitance
sequence. The apparent double-layer capacitance values are
7.28mFem ™2 for ZIF-67, 5.14mFem~2 for ZIF-67@DCD, and
4.89 mFcm ™2 for NiSAs@ACNTF. These values are summarized in
Table 1 and visualized in Figure 4. DCD modification and Ni incor-
poration therefore do not increase apparent capacitive area; instead,
catalytic performance improves while capacitance decreases.
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Table 1: CV-derived apparent double-layer capacitance for the ZIF-67-derived
catalyst series.

Catalyst Design variable Cyq (mFem™2)  Interpretation
ZIF-67 Pristine ZIF-67-derived carbon ~ 7.28 Largest capacitive accessibility within the series.
ZIF-67@DCD DCD-modified precursor 5.14 Lower capacitance with altered N/C interfacial structure.

NiSAs@ACNTF  Ni-incorporated ZIF-67@DCD ~ 4.89 Highest LSV activity despite the smallest capacitance value.

CV-derived capacitance calibration

0.8 1
—e— ZIF-67: 7.28 mF cm™2

0.7 1 ZIF-67@DCD: 5.14 mF cm™2
0.6 4 = NiSAS@ACNTF: 4.89 mF cm=2

0.5 4
0.4 1
0.3 1

Aj/2 (MmA cm~2)

0.2 4

0.1 4

0.0 T T T T T T T T T
20 30 40 50 60 70 80 90 100

scan rate, v (mV s71)

Figure 4: CV-derived capacitance calibration calculated from the reported
Cq values using Aj/2 = Cqv. The slope order is ZIF-67 > ZIF-67@DCD >
NiSAs@ACNTF, which is opposite to the LSV activity order.

This capacitance—activity separation is the central electrochemical
observation. In porous carbon electrocatalysts, Cyq; is often used as
a proxy for wettable interfacial area, yet a large Cy; does not prove
that the exposed surface contains kinetically optimal reaction cen-
ters. ZIF-67 provides the strongest capacitive response, whereas
NiSAs@ACNTF provides the strongest catalytic response. The Ni-
containing material therefore improves the catalytic value of the acces-
sible interface, most plausibly through Ni-related coordination envi-
ronments and stronger electronic coupling to the conductive scaffold.

3.3. Sequential precursor modification distinguishes N/C
restructuring from Ni-site activation

The ZIF-67 — ZIF-67@DCD transition isolates the effect of DCD
addition. DCD supplies nitrogen-rich decomposition products during
pyrolysis and can alter the carbonization pathway, leading to a dif-
ferent N/C environment. The decrease in apparent capacitance from
7.28 mFem™2 to 5.14 mFem ™2 shows that this modification does not
simply create more interfacial charge-storage area. The more likely ef-
fect is redistribution of nitrogen coordination and carbon connectivity,
with partial removal of less productive capacitive contributions.

The ZIF-67@DCD — NiSAs@ACNTTF transition isolates the effect
of nickel incorporation. The capacitance decreases only slightly, from
5.14mFcm~2 to 4.89 mFem ™2, while the LSV response improves
markedly. This pattern supports a kinetic role for Ni-containing active
sites rather than an area-expansion role. In Co-N—C/CNT-like environ-
ments, Ni can contribute through Ni-N coordination, Ni—Co electronic
interactions, or CoNi-associated motifs embedded in N-doped carbon
[6, 14, 15]. The electrochemical evidence does not assign a single
atomic structure, but it strongly identifies active-site chemistry as the
dominant source of performance improvement.

3.4. Chronoamperometry confirms short-term current re-
tention

The chronoamperometric response of NiSAs@ACNTF remains nearly
constant over the ten-hour test after the initial stabilization inter-
val. This behavior shows that the high activity is not limited to a
transient surface state that rapidly deactivates under constant poten-
tial. For water-splitting catalysts, this distinction is essential because
high-surface-area materials can exhibit attractive initial currents and
then lose activity through surface reconstruction, catalyst detachment,
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Figure 5: Capacitance—activity inversion in the catalyst series. The x-axis
uses the measured Cq; values, while the y-axis gives the within-series LSV
response rank; the Ni-containing catalyst combines the lowest capacitance with
the strongest apparent activity.

Ni/Co--N--C active-site network

conductive N-doped carbon scaffold converts accessible interface into reaction current

Figure 6: Site-level interpretation of the Ni/Co-N-C catalyst environment.
Nickel- and cobalt-coordinated centers embedded in a conductive N-doped
carbon scaffold can convert a smaller apparent capacitive interface into higher
reaction current.

oxidation-state changes, blockage of active sites, or carbon corrosion.
The ten-hour test supports laboratory-scale stability but does not estab-
lish electrolyzer-level durability. Practical operation requires higher
current densities, longer run times, gas-product quantification, accel-
erated stress testing, and post-test structural characterization. The
defensible conclusion is that NiSAs@ACNTF retains its activity dur-
ing the tested operating window and is therefore the strongest candidate
in this sequence for extended durability assessment under more de-
manding conditions. This interpretation aligns the validation with
accepted electrocatalyst-testing expectations [9, 10].

3.5. Coupled descriptor assessment

Table 2 combines the LSV, CV, and chronoamperometric evidence. No
single descriptor gives a complete assessment. ZIF-67 is favorable
in capacitance but not in catalytic activity. ZIF-67@DCD occupies
an intermediate state, indicating that DCD alters the electrochem-
ical interface without generating the highest-activity configuration.
NiSAs@ACNTF is strongest in apparent kinetic activity and current
retention even though its capacitance value is the lowest. This combina-
tion provides direct evidence that activity and capacitive accessibility
are decoupled in the Ni-containing material.

The combined descriptor assessment clarifies the design direction.
Increasing porosity or capacitance alone is unlikely to deliver the
best water-splitting performance. Synthetic optimization should target
active-site electronic structure, interfacial conductivity, and structural
retention under polarization at the same time. A minimum valida-
tion set for future ZIF-67-derived catalysts should include activity
thresholds, Tafel behavior, Cyj, scan-rate response, electrochemical
impedance, Faradaic efficiency, and extended chronoamperometric or
chronopotentiometric testing.
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Table 2: Combined electrochemical interpretation of the catalyst series.

Catalyst
ZIF-67 Moderate

LSV activity  Cy value Stability evidence Interpretation

Highest Not dominant in the retention compari-  Large capacitive interface does not pro-
son duce the strongest catalytic response.
Not dominant in the retention compari- DCD modifies the N/C interface but
son does not maximize kinetic activity.
Stable ten-hour response Ni-containing sites improve apparent ki-
netics while retaining current output.

ZIF-67@DCD Intermediate  Intermediate

NiSAs@ACNTF  Highest Lowest

4. Discussion

4.1. Relevance of the kinetic-capacitive inversion

The key experimental finding here is the inversion between capacitance
and electrocatalytic activity. ZIF-67 possesses the largest apparent
capacitance, but NiSAs@ACNTF yields the highest current density in
LSV analysis. This contradicts the expectation that increased electro-
chemically accessible area will yield improved water splitting perfor-
mance. Current density is determined by the number of active sites,
the intrinsic turnover capabilities of these sites, the electronic conduc-
tivity of the adjacent carbon matrix, and the catalytic stability in the
operation period.

Nickel-based catalysts are especially good at enhancing these char-
acteristics, even as they increase capacitance less efficiently. The
presence of nickel can modify the adsorption energetics, enable new
Ni—N or Ni—Co coordination complexes, and shift the electronic struc-
ture of the adjacent Co/N/C sites. The conductive structure provided
by the nitrogen-doped carbon skeleton will ensure that this enhanced
active surface performs well. Thus, a more modest capacitive interface
can perform better due to increased kinetic capabilities of the active
surface.

4.2. Implications of the study for MOF-derived catalyst
development

For MOF-derived catalysts, modification of the catalyst precursor of-
ten results in changes to multiple material properties simultaneously.
Morphology, pore wetting, metal speciation, nitrogen coordination,
graphitization degree, and electronic conductivity can change together.
If only the final current values obtained in LSV are analyzed, such
complexity will hide which of these modifications was crucial to cat-
alytic improvement. This study has identified two different modifying
factors, both acting on different material properties.

This suggests that future research should focus not on maximizing the
capacitance of the modified MOF catalyst, but on optimizing other
aspects of its catalytic performance. High Cy) can be a useful feature
of catalyst materials, but it is a supporting parameter in water splitting.
The most efficient catalysts are those where other aspects of material
properties have been optimized alongside the accessible area.

4.3. Verification of the conclusion via additional characteri-
zations

The current experimental evidence provides strong verification of the
conclusion since it relies on the chemically related sequence of catalyst
materials, common electrode geometry and mass loading of electrodes,
and multiple electroanalytic methods used. Since the LSV order of
performance and current retention order are identical, while the order
of Cy is the inverse, kinetic—capacitive dissociation is quite solid for
this particular catalyst sequence. In addition, the statement avoids
claiming superiority against noble metal catalysts, which would need
a direct comparison under similar conditions.

Further experiments should include high-current electrolysis in the
application timeframe, rapid potential/current cycling, electrochemical
impedance spectroscopy before and after the experiment, faradaic
efficiency estimation based on gas collection, and analysis of the
structure of the tested material after the experiment. Annular dark field

scanning transmission electron microscopy can confirm the isolation
of the metal atoms. X-ray absorption spectroscopy can analyze the
coordination environments. X-ray photoelectron spectroscopy can
determine the oxidation state of the surface. Raman spectroscopy can
measure carbon disorder. And finally, density functional theory can
analyze the energy of Ni-N, Co-N, and CoNi/N-C coordination motifs
[1, 6]. All of these will provide a clear identification of the atomistic
origin of the functional trend confirmed by the present results.

4.4. Boundaries of the conclusions

The conclusion made is most reliable in relative comparisons within
the studied ZIF-67-derived catalyst series. Several limitations exist
regarding general applicability of the statements made. First, Cyq; is not
an exact measurement of the number of active sites or the accessible
area. Various aspects can affect it [11, 12]. Second, ten hours of
chronoamperometry confirms only short-term laboratory stability, not
long-term electrolyzer performance. Finally, calculation of the kinetic
parameters must be made from the raw data of the electrochemical
measurement and take into account the resistive correction explicitly.
Within these limits, the present analysis supports a clear conclusion.
Catalyst NiSAs@ACNTF provides the best performance among the
series because of the enhanced electrocatalytic capabilities enabled by
nickel incorporation.

5. Conclusions

In summary, the presented ZIF-67 derived catalyst sequence demon-
strates the kinetic-capacitive-durability relation clearly. The ca-
pacitance sequence is ZIF-67 (7.28 mFcm~2) > ZIF-67@DCD
(5.14mFem~2) > NiSAs@ACNTF (4.89 mFem™2), while the LSV
activity sequence puts NiSAs@ACNTF first. This inversion shows
that nickel incorporation does not improve water splitting performance
of the catalyst through increased electrochemical accessibility. Rather,
it enhances the active sites themselves through favorable Ni-based
coordination, as well as the electronic coupling of the carbon skeleton.
Chronoamperometry confirms that NiSAs@ACNTF retains higher
activity throughout the ten-hour observation window. These results
point to a rule in designing MOF-derived water splitting catalysts
without noble metals: not just the area, but also active sites quality,
electroconductive architecture, and longevity must be optimized. The
catalyst with the highest capacitance is not always the best catalyst; the
catalyst with high performance is the one that utilizes the accessible
area.
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