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The transition toward a carbon-neutral energy future places green hydrogen (H,) at the forefront of
sustainable fuel strategies. However, the large-scale deployment of hydrogen remains constrained by
high production costs, underscoring the urgent need for the development of efficient and robust
catalysts for the hydrogen evolution reaction (HER). Copper has played a role in hydrogen evolution
research since the 1950s, when metallic copper electrodes were employed to probe the kinetics and
mechanisms of hydrogen evolution in aqueous electrolytes. Despite this early involvement, systematic
development of copper-based HER catalysts has emerged only in the past decade, driven largely by
advances in CuO and Cu,O nanomaterials for photo- and electrocatalytic hydrogen production. More
recently, molecular copper complexes have gained attention as catalysts or pre-catalysts for hydrogen
evolution, revitalizing interest in copper-centered HER chemistry. This review surveys recent progress in
molecular copper catalysts and pre-catalysts operating under photo- and electrocatalytic conditions. We
first outline the key metrics used to benchmark HER performance. We then summarize the principal
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DOI: 10.1039/d6ey00102e methods used to probe catalyst homogeneity and critically assess the evidences commonly employed

to distinguish molecular from heterogeneous active species. Finally, we discuss current challenges and

rsc.li/eescatalysis future prospects for molecular HER catalysts in general, and copper-based systems in particular.

Broader context

The development of sustainable hydrogen production technologies is central to the global transition toward carbon-neutral energy systems. Molecular
electrocatalysts offer unique opportunities for understanding and improving hydrogen evolution reaction (HER) mechanisms through precise control of
catalyst structure, electronic properties, and reaction environments. While cobalt, nickel, and iron molecular catalysts have been extensively explored,
molecular copper systems remain comparatively underdeveloped despite copper being earth-abundant, inexpensive, and capable of rich redox and
coordination chemistry. Recent years have witnessed growing interest in copper-based molecular catalysts for both electro- and photocatalytic hydrogen
production, driven by advances in ligand design, mechanistic understanding, and catalyst integration strategies. At the same time, distinguishing true
molecular catalysis from catalytically active heterogeneous species formed in situ has emerged as a critical challenge across the field. This review provides a
comprehensive overview of molecular copper systems for HER, emphasizing the relationship between catalyst structure, catalytic performance, and catalyst
integrity. By critically discussing benchmarking metrics, mechanistic pathways, and homogeneity assessment methods alongside recent catalytic examples,
this work aims to support the rational development of next-generation copper-based HER catalysts and contribute to the broader advancement of sustainable
hydrogen production technologies.

1 Introduction
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The development of carbon-neutral energy carriers, particularly
green hydrogen (H,) produced using renewable resources, has
become an urgent global priority.’ In line with this goal, the
2015 United Nations Climate Change Conference (COP21) held
in Paris emphasized the necessity of limiting the global tem-
perature rise to 1.5 °C above pre-industrial levels, a commit-
ment endorsed by more than 195 countries.” Following this,
COoP28,® held in Dubai in December 2023, marked the first
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global agreement committing to a transition away from fossil
fuels as part of efforts to achieve net-zero emissions by 2050.
In response, Europe has outlined a strategic roadmap for
hydrogen deployment, including the establishment of hydro-
gen refueling infrastructure, reflecting the view that hydrogen
will play a central role in the continent’s energy transition
toward a fully decarbonized system in compliance with the
Paris and Dubai Agreements.*

Unlike fossil fuels, hydrogen is particularly attractive as an
energy carrier because it can be produced in a carbon-free
fashion via sustainable pathways. Upon combustion, hydrogen
releases energy with water as only reaction by-product (eqn (1)).
Moreover, hydrogen exhibits a higher gravimetric energy den-
sity than conventional fossil fuels® and than many electroche-
mical energy storage technologies such as batteries.® Hydrogen
can be exploited either through direct combustion or electro-
chemical conversion in fuel cells, with both approaches yield-
ing energy and water vapor as the sole products (eqn (1)).

2Hy(g) + Oa(g) = 2H2O() + 486.6 K] 1)

Hydrogen has been used in fuel cells for several decades,
and hydrogen-powered vehicles are now available, albeit in
small numbers to date.”® Hence, hydrogen is currently receiving
considerable attention as a fuel. Hydrogen is also a long-standing
and key chemical that is used in numerous industrial processes
but several fundamental challenges hinder its large-scale
deployment.’”'" These challenges include energy-intensive
and costly production routes, low volumetric energy density
requiring compression or liquefaction, storage and transporta-
tion safety concerns, and the lack of mature infrastructure for
distribution and end use. In addition, the environmental
benefit of hydrogen strongly depends on its production path-
way. Accordingly, hydrogen is commonly classified by “color”
based on its source and carbon footprint (Fig. 1): grey hydrogen
is produced from fossil fuels via steam methane reforming with
significant CO, emissions; blue hydrogen couples fossil-based
production with carbon capture and storage, reducing but not
eliminating emissions; green hydrogen is generated via water
electrolysis powered by renewable electricity and represents the
most sustainable route’®"? while additional categories such as
turquoise and pink hydrogen have recently emerged, relying
on methane pyrolysis and nuclear-powered electrolysis,

Via Methane Pyrolysis

From Natural Gas or Coal With Carbon Capture From Renewable Energy
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Fig. 1 Schematic showing types of hydrogen.
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respectively.®'*'?
sustainability challenges associated with hydrogen production
and utilization remains critical for its role in a future low-
carbon energy system.'® Addressing these challenges ultimately

Overcoming the economic, technical, and

hinges on the development of efficient, durable, and earth-
abundant electrocatalysts that can lower the energy input and
cost of green hydrogen production via the hydrogen evolution
reaction.

Over the past several decades, substantial efforts have been
devoted to the development of efficient catalysts for the hydro-
gen evolution reaction (HER). In addition to heterogeneous
systems including transition-metal carbides and nitrides,"”>°
alloys,>** nanostructured metal phosphides,*™* transition-
metal sulfides,***° metal-organic frameworks (MOFs),**"?
silver-based catalysts,>*° single-atom catalysts (SACs)
and metal clusters,”*™® significant progress has also been
achieved in the design of homogeneous molecular catalysts.

36-41
’

Molecular catalysts benefit from well-defined coordination
environments and operate in homogeneous solution, enabling
detailed mechanistic investigation through in situ spectroscopic
techniques. Their discrete nature allows systematic tuning of
electronic properties via metal selection and rational ligand
modification, often leading to high selectivity, robustness, and
the possibility of immobilization on electrodes or solid
supports.’”*® These features make molecular systems particu-
larly valuable for elucidating catalytic principles relevant to
both natural hydrogenases®®™" and synthetic analogues.
Molecular HER catalysts based on earth-abundant 3d
metals, most notably cobalt,*>** nickel,**’*> and iron”®7° are
especially well represented in the literature. In contrast, despite
copper complexes exhibiting rich coordination chemistry,
accessible redox states, and favorable photophysical properties,
and despite their established utility in various types of
transformations,®*™®° also including CO, reduction and water
oxidation,®* % their application to HER has only gained signi-
ficant momentum over the past decade (Fig. 2).>*'* It is
noteworthy, however, copper participation in HER research
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Fig. 2 Histogram depicting the upward trend in the number of publica-
tions per year identified through a Scopus search for molecular copper-
based hydrogen evolution catalysts. Search query: TITLE-ABS-KEY (“cop-
per complex” AND "hydrogen evolution catalyst”). Data retrieved on 12
February 2026.
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dates back to Pentland’s work in 1950s, when metallic copper
electrodes, rather than discrete molecular copper complexes,
were employed to investigate the kinetics of hydrogen evolution
in aqueous media.’**'!* In contrast, the rational development
of molecular copper HER catalysts has only attracted consider-
able attention during the past decade.

However, progress toward industrial use of molecular cata-
lysts is constrained by short-lived activity and degradation
pathways that compromise their molecular integrity. In fact,
molecular catalysts generally have a strong propensity, under
reducing conditions in the presence of acidic medium, to break
down and form heterogeneous reduction products,"*>"*° such
as metallic nanoparticles or deposits either during photo- or
electrocatalytic reaction, which can be active HER electrocata-
lysts in their own right,*®101:102:103,108,1217125 while this chal-
lenge is common to molecular HER catalysts based on cobalt,
nickel, iron, and copper, copper systems present additional
complications owing to the inherent instability of Cu(i) inter-
mediates, which may undergo disproportionation, ligand dis-
sociation, or transformation into Cu(0) and CuO, containing
species. Therefore, the subtle distinctions between homoge-
neous and heterogeneous behavior should be carefully exam-
ined, and robust techniques for accurately identifying the true
active catalytic species should be rigorously applied.

While copper-based nanomaterials, including oxides such
as Cu,O and CuO, as well as nanoclusters have demonstrated
significant catalytic activity and played a pivotal role in advan-
cing photo- and electrocatalytic hydrogen evolution,®®'*¢~128
molecular copper catalysts offer several distinct advantages that
can enable greater control over catalytic performance. A pri-
mary advantage is the well-defined structure of molecular
systems, which allows fine tuning of the coordination environ-
ment including both the first and second coordination sphere
that influence the electronic properties such as redox potentials
and kinetics through rational ligand design. This synthetic
versatility and level of coordination control is not readily
achievable in nanoparticle-based systems, where surface het-
erogeneity and ill-defined active sites often complicate mecha-
nistic interpretation.

In addition, nanoparticle systems typically operate through
complex surface processes whereas molecular catalysts provide
direct insight into reaction mechanisms, enabling the identifi-
cation of catalytic intermediates through detailed spectroscopic
and electrochemical studies. Such mechanistic information is
critical for guiding rational improvements. Furthermore, mole-
cular platforms allow the incorporation of second-sphere func-
tionalities, such as pendant proton relays and hydrogen-
bonding networks, which can significantly enhance catalytic
rates and lower overpotentials, features that are difficult to
systematically engineer in metal oxide nanomaterials.

Another key advantage lies in the tunability and modularity
of molecular catalysts. Ligand frameworks are not only used to
optimize the activity, selectivity, and stability, but also to
introduce anchoring groups for immobilization onto conduc-
tive supports, thereby bridging homogeneous and heteroge-
neous catalysis. Finally, molecular systems offer the possibility
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of integration into photocatalytic assemblies with tailored
photosensitizers to produce dyads and triads.'**™*!

Despite these advantages, molecular copper catalysts still
face challenges in stability and durability under operating
conditions, which remain areas where metal oxide nano-
particles often outperform them. Nevertheless, the ability to
achieve structure-function correlations and rational design
positions molecular systems as a powerful platform for next-
generation HER catalyst development, complementing, and in
some aspects, offering advantages over traditional CuO/Cu,O
nanomaterials. This review therefore showcases recent exam-
ples of copper-based catalysts utilized for the hydrogen evolu-
tion reaction. Given that hydrogen production can be
accomplished under both photocatalytic and electrocatalytic
conditions, we begin with an explanation of key metrics and
fundamental concepts, followed by a section outlining the
methods and techniques used to probe the homogeneity of
molecular catalysts. Subsequently, we analyze examples of
copper-based catalysts, focusing on their structural features,
synthetic strategies and catalytic performance, while precisely
extracting catalytic metrics from each case, with particular
attention to the true characteristics of the catalytically active
species. We then conclude with an overview of the current
challenges and future perspectives in this field.

2. Key metrics for evaluating catalytic
performance

To evaluate the catalytic performance of a catalyst, certain
figures of merit are generally used. The main figures of merit
used to evaluate either photocatalytic or electrocatalytic activity
are turnover number (TON) and turnover frequency (TOF).
While other terms are used only for photocatalytic activity,
such as quantum efficiency (®), others are highly specific to
electrocatalytic performance, such as overpotential (), Faradaic
efficiency (FE), onset potential (E,,s) or the potential at half of
the catalytic current (Ecas).

It should be noted that direct comparison between different
catalytic systems is challenging because catalytic conditions
under which the HER is performed generally vary between
laboratories, such as proton source, electrolyte, solvent, work-
ing electrode and applied potential in the case of electrocata-
Iytic activity, photosensitizer, sacrificial electron donor (SED) as
well as irradiation time and source in the case of photocatalytic
activity. Concise definitions of the principle figures of merit are
provided below.

2.1. Turnover number (TON)

This defines the total number of catalytic cycles a catalyst can
perform before it becomes inactive under given reaction con-
ditions. As a result, TON serves as a direct measure of catalyst
durability and operational lifetime, rather than intrinsic activ-
ity. A high TON indicates that the catalyst can sustain repeated
turnover events without significant degradation, which is par-
ticularly important for practical and large-scale hydrogen

© 2026 The Author(s). Published by the Royal Society of Chemistry
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production. In molecular HER catalysis, TON is especially
valuable for distinguishing between short-lived, highly active
systems and those that combine activity with long-term stabi-
lity. For example, a catalyst exhibiting high current but low TON
may undergo rapid decomposition, often through ligand dis-
sociation or conversion to heterogeneous species such as metal
nanoparticles. Conversely, a high TON suggests that the mole-
cular structure remains intact over extended operation, sup-
porting true homogeneous catalysis. However, TON should
always be interpreted alongside complementary metrics (see
below) such as turnover frequency (TOF) and Faradaic effi-
ciency (FE), as it does not provide information on catalytic rate
or selectivity.

Importantly, a more rigorous definition is that the TON
“specifies the maximum use that can be made of a catalyst for a
special reaction under defined reaction conditions by the
number of molecular reactions or reaction cycles occurring at
the reactive centre up to the decay of activity.”"**'** As in
eqn (2), the TON achieved by the catalyst reflects the number of
hydrogen molecules (n;) produced per active species of the
catalyst (ncat)-

moles of Hy molecules  ny,

TON =
© moles of catalyst

B Ncat (2)

It is worth mentioning, as implied in the definition above,
that TON should be interpreted with caution, as not all catalyst
molecules are activated under the catalytic process, and a
fraction of the active species may undergo deactivation during
catalysis (Fig. 3). Thus, the TON is essentially based on the
actual fraction of catalyst species that are activated and truly
undergo catalytic cycles, meaning that some catalyst molecules
may be activated during the reaction and others may not. For
example, during electrocatalysis, molecules that are in close

H;
H//

M"
| [M"]active 74

H Deactivated

\ MmN+ /
.L

Fig. 3 Schematic diagram illustrates a general catalytic cycle in which a
metal complex M™*! functions as the active site for the hydrogen evolution
reaction (HER). For simplicity, the electron-proton sequence mechanism
(ECEC) has been selected; however, the other possible HER catalytic
mechanism (EECC) remains applicable.

M1 Stock

Mn+1 e
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proximity to the electrode surface, i.e. within the double layer,
are expected to successfully undergo charge transfer reaction
and eventually get activated. Therefore, these molecules will
probably be involved in the catalytic cycle, while other mole-
cules may never be activated due to mass transport or other
reasons like degradation or substrate depletion. Finally, the
activated molecules may remain in the catalytic cycle and be
regenerated again to undergo another catalytic cycle or be
deactivated. This can be illustrated in Fig. 3.

2.2. Turnover frequency (TOF)

It reflects the intrinsic catalytic rate, describing how rapidly a
catalyst can convert substrate to product per active site per unit
time. In contrast to TON, which measures durability, TOF
provides direct insight into the kinetic efficiency of the catalytic
process. A high TOF indicates fast and efficient catalytic turn-
over, making it a key parameter for comparing the activity of
different catalysts under similar conditions. However, TOF
must be interpreted with care, as it is often derived under
specific assumptions regarding the number of active sites and
the reaction mechanism. Overestimation can occur if not all
catalyst molecules are catalytically competent or if heteroge-
neous species contribute to the observed activity. Therefore,
TOF is most meaningful when considered alongside TON,
overpotential, and mechanistic evidence to provide a balanced
assessment of catalytic performance.

The most rigorous definition of TOF is that “It measures the
instantaneous efficiency of the catalyst, it can be derived from
the number of the turnovers of the catalytic cycle with respect
of the time per active site”."*> Eqn (3) is commonly used to
estimate the TOF of molecular catalysts."*?

TOF — moles of H, molecu.les _ TON 3)
moles of catalyst x time  time

It is important to note that this turnover frequency is
typically obtained from the controlled potential electrolysis
(CPE) experiment. In the case of photo or electrocatalytic HE
experiments, it can be derived from the overall turnover num-
ber (TON) per unit time of the experiment. Additionally, the
maximum TOF (TOF,,,,) is a distinctive characteristic of the
catalyst and will be discussed later in this section.

2.3. Quantum yield (@)

It is a key parameter in photocatalytic systems, representing
the efficiency with which incident photons (monochromatic)
are converted into chemical products. A high quantum yield
indicates minimal energy loss through recombination or non-
productive pathways, and is therefore essential for evaluating
and comparing photocatalysts. However, it should be inter-
preted carefully, as it depends on experimental conditions such
as light intensity, wavelength, and reactor geometry.

Quantum yield therefore measures the ratio between the
number of photons used to convert protons into H, and the
number of incident photons (I,), eqn (4). The quantum yield
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reflects the efficiency of the photocatalytic system in converting
light to hydrogen.

moles of H, molecules % 100% = ™2« 100% (4)

Py, = —
M2 ™ moles of incident photons Iy

The number of incident photons (/,); can be calculated as
follows:"**

A
Iy = PSt— 5
0 he (5)

where P is the total power of the light in Joules per second, S is
the incident irradiation area in m?, ¢ is the irradiation time in s,
A is the incident wavelength in m, h is the Planck’s constant
(6.626 x 107%*J s) and c is speed of light (3 x 10® m s7?).

2.4. Diffusion coefficient (D)

The diffusion coefficient reflects the rate at which a catalyst or
reactant is transported through solution to the electrode sur-
face, and thus plays a critical role in determining mass trans-
port during electrocatalysis. A higher diffusion coefficient
enables faster replenishment of active species at the electrode
interface, supporting sustained catalytic currents and minimiz-
ing diffusion limitations. In molecular HER systems, D is
particularly important for interpreting electrochemical data,
as it helps distinguish between kinetic and mass transport
effects. Consequently, accurate evaluation of D is essential for
reliable analysis of catalytic performance and for comparing
systems under different experimental conditions. Since the
peak current (i) in cyclic voltammetry depends on the catalyst
concentration, its intrinsic electrochemical properties, and the
scan rate, the diffusion coefficient (D) of the catalyst can
therefore be determined from the slope of the linear plots of
peak current (i,) and the square root of the scan rate (v'/?) using

the Randles-Sev¢ik equation (eqn (6)).*2**%7
1
. nFvD\?2

ip = 0.4463nFAC0< =T ) (6)

In this equation, n is the number of electrons transferred
(n = 1 for one electron process), F is the Faraday’s constant
(96 485 C mol 1), A is the electrode surface area (0.071 cm? for
common 3 mm-diameter glassy carbon electrode), C° is the
catalyst’s concentration (mol cm™%), R is the gas constant
(8.314 J mol " K1), v is the scan rate (V s ), D is the diffusion
coefficient (cm? s™'), and T is the temperature in Kelvin.

2.5. Electrocatalytic rate constant

The observed catalytic rate constant (k,ps) is a widely used
kinetic parameter for benchmarking molecular hydrogen evo-
lution catalysts, as it provides a quantitative measure of the
intrinsic rate of H, formation under defined conditions.
In electrochemical studies, k,ps is most commonly known as
TOF,,,ax and extracted from cyclic voltammetry (CV) data using
the plateau catalytic current (i.,.) observed in the presence of a
proton source. Under conditions where catalysis is diffusion-
controlled and substrate is in excess, kops can be estimated using
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the relationship developed by Savéant and co-workers,">>'3%13°
where the ratio of catalytic to non-catalytic current (ic,¢/ip) is plotted
versus the inverse of the square root of the scan rate (v = scan rate)
as shown in eqn (7) below. This approach allows k.ps to be
determined without bulk electrolysis and enables rapid compar-
ison of catalyst kinetics across different systems.

ic_al _ Neat RTk s (7)
ip 0.446 Fv

where 7., is the number of electrons involved in the catalytic
process, R is the universal gas constant (8.314 J mol ™" K™ '), T'is the
temperature in K, and F is the Faraday’s constant (96 485 C mol ")
and v is the scan rate (Vs %).

It should be pointed out that eqn (7) is based on an
approximate kinetic treatment assuming a first-order or
pseudo-first-order EC mechanism involving freely diffusing
molecular species. In certain studies, this equation was used
to estimate catalytic rates even for systems governed by more
complicated or not fully elucidated catalytic mechanisms.*4%14!
It is important to consider that CVs of the molecular catalytic
system provide insight into the nature of the electrocatalytic
process. The peaked wave shapes observed usually during addition
of proton source indicate that, under these conditions, the electro-
catalytic response is influenced by both substrate diffusion and the
kinetics of the catalytic reaction. In contrast, under “pure kinetic*
control, where the current is limited solely by the homogeneous
catalytic steps in solution and substrate depletion effects are
negligible, the CVs are expected to exhibit S-shaped profiles that
reach a well-defined limiting catalytic current (ic,).**'** A final
remark concerning eqn (7) is that, under “pure kinetic” catalytic
conditions, the catalytic current (i..,) is not expected to depend on
the scan rate. Achieving this regime often requires the use of very
high scan rates (typically >1-20 V s™'), where mass-transport
limitations are minimized. In this kinetic regime, ic,/i, remains
approximately constant, whereas the peak current of the noncata-
lytic redox couple (ip) retains its characteristic dependence on the
square root of the scan rate. Consequently, the i./i, ratio is
expected to decrease with increasing scan rate, and therefore, a
plot of i../i, versus the inverse square root of the scan rate should
yield a linear relationship, from its slope TOF .y (kobs) can be
extracted.

2.6. Faradaic efficiency (FE)

It is important in electrocatalysis and is analogous to quantum
yield (@) in a photocatalytic system, as it relates to the efficiency
of electron utilization in electrochemistry compared to the
efficiency of photon utilization in photochemistry.

Faradaic efficiency reflects the selectivity of an electrocata-
Iytic process, indicating the fraction of the total charge that is
effectively converted into the desired product, such as H, in
HER. A high FE signifies that parasitic side reactions are
minimized and that the measured current predominantly
arises from the targeted catalytic transformation. This para-
meter is therefore essential for evaluating catalyst performance
beyond activity alone, particularly in distinguishing efficient

© 2026 The Author(s). Published by the Royal Society of Chemistry
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catalysts from those that generate significant byproducts or
undergo competing processes. Reliable determination of FE is
critical for assessing the practical applicability and energy
efficiency of electrocatalytic systems.

Faradaic efficiency measures the fraction of the total elec-
trical input (charge) used to convert proton to hydrogen.
Faradaic efficiency (FE) can therefore be calculated on the basis
of the total charge (Q) consumed and the amount of H, evolved,
using eqn (8).

2Fn
FE% = — x
0

100 (8)
where F is Faraday’s constant = 96 485 C mol ™', n = number of
moles of H, and Q is the charge consumed.

2.7. Overpotential (1)

It is the difference between the applied potential (E,pp1)
required to drive the HER at specific rate and the known
(formal) thermodynamic potential of the HER (E°) in the
absence of the catalyst."*> The overpotential can therefore be
formulated as follows:

n= |Eappl - ECI 9)

The overpotential (i) is a useful parameter in electrocataly-
sis. It is proportional to the catalytic current density () in the
Tafel plot."** Within the kinetically controlled regime, increasing
overpotential () increases the current density (j), which gives rise
to the linear Tafel region, the latter can be utilised to extract
valuable mechanistic data and electrocatalytic performance.'*

Determination of the overpotential () sometimes vary in
literature and care should be taken when comparing over-
potential of different catalysts for the HER.'** In some cases,
overpotential is determined using the onset potential, which is
the potential at the base of the catalytic wave at which the
current begins to deviate from the background current
obtained in the absence of catalyst. Appel and Helm, in 2014,
recommended using E., (see Fig. 4),"** the potential at which
the current is half that of the catalytic wave current (i.,), to be
chosen to determine the overpotential. Applying this method

— —
e
Ey+ Eca a
Overpotential // /
: A
/ i
[V i
[ i
T / i cat/2
10pA// i
i 1 i
C e —
‘La
I T T T T T T
-02 -04 -06 -08 -1.0 -1.2 -14

E(Vvs FeCp;"’)

Fig. 4 Cyclic voltammogram used to illustrate Ec,/2 and the definition of
overpotential () proposed by Appel and Helm.*** Reproduced from ref.
143 with permission from American Chemical Society,*** copyright 2015.
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would enable more consistency in the literature with regard to
determining and reporting both E.,,, and overpotential (1)
used for various catalysts.

The half-wave potential (E.,/,) is the potential at which the
catalytic wave reaches half of its plateau current (i) (Fig. 4)."*?

At this point it is important to note that the thermodynamic
potential for proton reduction <EI‘1I+ /Ha) is not a fixed value but

depends strongly on both the proton source (Brgnsted acid)
and the solvent. Variations in acid strength across different
media lead to changes in pK, values, which in turn directly
influence the thermodynamic driving force for hydrogen evolu-
tion. For weak proton donors, the formal thermodynamic

potential for H, generation <E]°{, /Hz) is directly related to the

PK, of the acid and can be estimated using established thermo-
dynamic relationships (eqn (10) and (11)) that incorporate pK,
values in the relevant organic solvent.*>'*° Extensive compila-
tions of pK, values for a wide range of acids in nonaqueous
media are available in the literature."**'*® Fig. 5 summarizes
the thermodynamic potentials of common Brensted acids
referenced to the (Fc”°) couple in acetonitrile, along with their
corresponding pK, values, as adapted from McCarthy et al.'*®
and other studies.'*”*®

o o RT
EHA/A"HZ = H+/Hy — (2303 T) X pKa (10)

Substituting R, F and T values as defined previously into
eqn (10) yields eqn (11).

= E{jj, — 0.059 x pK, (11)

0
HA/A- H,

Fig. 5 presents the pK, scale of Brgnsted acids in acetonitrile
together with their corresponding thermodynamic proton

+/0

reduction potentials <E]‘;A /H2> referenced to the Fc™'" couple.

Finally, a variety of reference electrodes are employed in
electrochemical studies, and redox potentials are typically
reported with respect to the reference electrode used in the
experiment. However, it is good practice to recognize that the
International Union of Pure and Applied Chemistry (IUPAC)
recommends the ferrocene/ferrocenium (Fc'/Fc) redox couple
as a convenient internal reference for reporting and comparing
electrochemical data.'”"'*> Expressing potentials relative to
Fc'/Fc (Fc™°) facilitates meaningful comparison across differ-
ent HER studies and experimental setups. Accordingly, conver-
sion equations are often required to translate potentials
measured versus commonly used reference electrodes, such as
Ag'/AgNO;, Ag/AgCl, saturated calomel electrode (SCE), normal
hydrogen electrode (NHE), relative hydrogen electrode (RHE) to
the Fc'/Fc scale. The following eqn (12)-(15) provide practical
relationships for these conversions.'®*'** Unless otherwise
stated, all the potentials discussed herein are referenced

to Fc*°
E(V vs. Fe'’°) = E(V vs. NHE) — 0.63 (12)
E(V vs. Fe''°) = E(V vs. SCE) — 0.38 (13)
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pK, (in acetonitrile)
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Fig. 5 The thermodynamic potential (E,‘jH/H7 vs. Fc*/Fc) of common Brensted acids and their corresponding pK, values in MeCN adopted from
McCarthy et al.**® and other corresponding ref. 147 and 148. Reproduced from ref. 148 with permission from Elsevier,*® copyright 2020.

Table 1 Summary of the figures of merit used in electro- and photo-catalytic HER

Metric Meaning

Main use Limitation

TON Total turnovers Durability Active fraction uncertainty
TOF Rate Kinetic Active site counting
FE Selectivity Electrolysis efficiency Gas quantification/cell-design dependant
n Energy efficiency Benchmarking Reference dependence
kobs Kinetic Kinetic data from CV Kinetic control
[/ Photon efficiency Photocatalysis Reactor dependence

E(V vs. Fc''°) = E(V vs. Ag/AgCl) — 0.41 (14) 3.1 Stripping analysis

E(V vs. RHE) = E(V vs. Ag/AgCl) + 0.059 V x pH + 0.197 V. (15)

Table 1 summarizes the figures of merit discussed above,
highlighting the utility and limitations of each metric. It is
important to note as well that it is often difficult to obtain a
complete and consistent set of parameters for every catalyst
reported in the literature. This underscores the need for greater
standardization in the measurement and reporting of catalytic
metrics in future studies.

3. Evaluating catalyst homogeneity in
molecular systems

As discussed in Section 1, establishing whether a molecular
catalyst operates through a truly homogeneous pathway
remains a central challenge in molecular catalysis. Under
catalytic conditions, many transition metal complexes can
transform into heterogeneous species, necessitating careful
and systematic evaluation of catalyst integrity. This section
outlines the key tools and techniques commonly employed
and recommended for identifying the nature of the active
species during molecular catalysis. For further detailed dis-
cussion, the reader is referred to several comprehensive
reviews in the field, including the tutorial review by Dempsey
and co-workers,"”® the seminal work by Finke and Widegren,"*®

and contributions by Artero and Fontecave,"'®

among
others, 119,157,158
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Stripping peaks refer to anodic (and occasionally cathodic)
signals observed upon the re-oxidation of species that have
been deposited on the electrode surface during a preceding
electrochemical step.'®® In molecular electrocatalysis, particu-
larly for copper and other transition metal complexes, these
signals provide critical insight into the nature of the active
species, enabling differentiation between homogeneous mole-
cular catalysis and heterogeneous processes involving electro-
deposited metals.

In copper-based systems, reduction of a Cu(u) complex
typically generates Cu(i), which is often thermodynamically
unstable and prone to disproportionation into Cu(u) and
Cu(0) (egn (16)). Under sufficiently negative potentials, further
reduction can lead directly to the formation of metallic Cu(0),
which readily deposits onto the electrode surface. Upon rever-
sing the scan toward more positive potentials, the deposited
Cu(0) is re-oxidized to soluble Cu(i) or Cu(u), producing a
characteristic anodic stripping peak.

2Cu* — Cu + Cu** (16)

The position of the stripping peak is often diagnostic of the
deposited metal, while its intensity is proportional to the amount
of deposited material, providing a semi-quantitative measure of
metal accumulation. The observation of such features during
catalytic experiments frequently indicates that at least part of
the observed activity may arise from in situ generated heteroge-
neous species rather than the intact molecular catalyst.

Fig. 6 illustrates the cyclic voltammetry of N,-macrocyclic
copper(ir) complex (Cuye, for the structure of this complex see

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cyclic voltammetry of a 1 mM MeCN solution of (a) Cuge, in
presence of 80 mM of acetic acid, (blue) in the absence of mercury and
(red) in the presence of 0.5 mL of mercury. Conditions: 0.1 M (NBuy)PFg,
glassy carbon working electrode (d = 3 mm, A = 0.071 cm?), 293 K, scan
rate 100 mV s7* (reproduced from ref. 100 with permission from Royal
Society of Chemistry,'°° copyright 2021), (b) Ns-copper complex reported
as a HER pre-catalyst by Siewert's group showing the stripping wave of
Cu® with reference to Fc. Reproduced from ref. 101 with permission from
Royal Society of Chemistry,'°* copyright 2016.

Fig. 22), which exhibits excellent catalytic activity at a relatively
low overpotential of ~0.21 V in acetonitrile in the presence of
80 mM acetic acid. Notably, a distinct stripping wave is
observed in the reverse anodic scan at approximately —0.45 V
vs. F¢'/Fe (Fig. 6a), indicating the formation of electrodeposited
copper species under catalytic conditions. These observations
are consistent with earlier studies on copper-based HER sys-
tems reported independently by Siewert'®* and Chen'®® in
2016. The Siewert group investigated a series of Ns-donor
copper complexes and demonstrated high catalytic activity at
pH 2.5 in phosphate buffer, while providing compelling evi-
dence that the true active species arise from a combination of
Cu(0) and Cu,O deposited on the electrode surface. Impor-
tantly, their cyclic voltammetry data revealed a similar anodic
stripping feature at nearly identical potentials (Fig. 6b), closely
mirroring that reported later in Brooker’s work (2021)."%°
Similarly, Chen and co-workers*®® described a Cu(u) oxime-
based system that generates Cu(0) nanoparticle films during
CPE experiment, as confirmed by SEM and EDX analyses. These
in situ formed deposits were shown to be responsible for
the observed high and sustained HER activity in neutral
aqueous media.

Noteworthy, similar phenomena are observed for other first-
row transition metals,'*®*24153:161162 inclyding cobalt, nickel,
and iron, where electrodeposition under catalytic conditions
can complicate mechanistic interpretation. Consequently,
stripping analysis has become increasingly employed as diag-
nostic observation/tool for assessing catalyst integrity and
for distinguishing true homogeneous catalysis from surface-
mediated processes.

3.2. Rinse test

The rinse test is a simple and widely employed diagnostic
method for assessing the homogeneity of molecular electro-
catalysts.""®1°%12 [n this procedure, the working electrode
used typically during controlled-potential electrolysis (CPE),
and in some cases after CV, is gently rinsed with the reaction
solvent or electrolyte, and then transferred to a fresh electrolyte
solution containing no dissolved catalyst. Electrolysis (and CV)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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is subsequently performed under identical conditions to eval-
uate whether catalytic activity persists. The observation of
sustained activity in the absence of the molecular catalyst is
typically taken as evidence for the formation of catalytically
active, electrodeposited species, indicating a heterogeneous
contribution.

While straightforward and convenient, the rinse test should
be interpreted with caution. False positives and negatives are
possible, and the method alone cannot unambiguously establish
the nature of the active species. For instance, loosely bound
deposits may be partially removed during rinsing, leading to
underestimation of heterogeneous contributions, whereas strongly
adsorbed molecular species may still exhibit activity and be mis-
interpreted as deposited materials. Therefore, rinse tests are most
informative when combined with complementary techniques such
as cyclic voltammetry (e.g:, stripping analysis), surface characteriza-
tion (SEM, EDX, XPS), and spectroscopic monitoring.

Further details regarding this diagnostic can be found in the
literature."®>"'>® A representative example in the context of
copper-based HER catalysis is provided by Brooker and co-
workers, who subsequently investigated Cu,e in neutral phos-
phate buffer.'*
ity, with catalytic performance comparable to that observed in the
homogeneous solution (Fig. 7a). Subsequent surface characteriza-
tion confirmed the presence of deposited species on the glassy
carbon electrode, predominantly composed of copper and
cuprous oxide (Fig. 7b). All together, these results indicate that
the observed HER activity is at least partially attributable to in situ
generated heterogeneous species rather than exclusively to the
molecular catalyst. Most importantly, these results would not be
possible without the initial signs from Rinse test data.

The rinse test revealed significant residual activ-

a b
4000 A+
3000 -
E 3
‘:: End of 4
= consecutive
Tl CPE of the
o
- ] catalyst
X
L,
1000 - Y
(_:b
Controls
0 ¥ ——T+ T T T T T

0 10 20 30 40 50 60 70 80 90
Time (hours)

Fig. 7 (a) Hydrogen production over time by Cuzg (0.3 mM) in 1 M pH 7
aqueous phosphate buffer solution, with a large plate glassy working
electrode (working A = 2.7 ¢ m?2), held at Eapplied = —1.1 V vs. Ag|AgCL A
star indicates when the electrolyte has been changed. Dark and light blue:
initial CPE runs (dark blue = four consecutive experiments with no
changes; light blue = single short CPE run); gold: ‘rinse and repeat test’
results i.e. after rinsing the glassy working electrode after the initial CPE
run, the cell was rinsed and refilled with fresh electrolyte (containing no
additional Cuge); grey: control, Cu(OAc),-H,O; black: control, Cu(BF,),-
6H,0. (b and c) glassy carbon working electrode after and before CPE
experiment. Adapted from ref. 102 with permission from Royal Society of
Chemistry,1°2 copyright 2024.
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3.3. Mercury test

Mercury is well known for its ability to amalgamate with
metallic particles and to adsorb onto metal surfaces, thereby
effectively poisoning heterogeneous metal catalysts. As a result,
mercury poisoning has long been employed as a classical
diagnostic test to distinguish between homogeneous and het-
erogeneous catalysis.">*'>1031%% [ practice, the experiment is
performed under standard catalytic conditions in the presence
of a drop of elemental mercury. A significant suppression of
catalytic activity upon addition of mercury is generally taken as
evidence for heterogeneous, metal-based catalysis. In contrast,
if the catalytic activity is retained, the test is considered
negative, supporting a homogeneous catalytic pathway. Despite
its simplicity and ease of implementation, the mercury poison-
ing test has notable limitations. It is not universally applicable,
as mercury may participate in side reactions or interact directly
with molecular catalysts,'®® potentially leading to misleading
conclusions. Therefore, it is essential to verify that mercury
does not react with the pre-catalyst or active species, for
example by conducting appropriate control experiments. A
useful approach to validate the reliability of this test is to
perform a control experiment using a known heterogeneous
catalyst under identical conditions in the presence of mercury,
thereby confirming that the metal surface is indeed susceptible
to poisoning. Failure to conduct such controls can lead to
erroneous interpretations. For instance, in some past report
on a supposed homogeneous ruthenium catalyst, the absence
of proper validation of the Hg(0) test led to an incorrect
assignment of the catalytic species; subsequent reinvestigation
revealed that the observed activity originated from metal
nanoclusters rather than a molecular catalyst.’®” Due to its
high toxicity and disposal concerns, tests based on mercury as
are increasingly substituted by alternative other strategies and
analyses.

3.4. Electrode surface assessment

The possible presence of heterogeneous species on the electrode
surface can be probed using microscopic techniques such as
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM).'®® These methods provide valuable informa-
tion on deposited films or particles, including their size, mor-
phology, surface topology, and film thickness. Complementary
spectroscopic techniques, such as energy-dispersive X-ray spectro-
scopy (EDX) and X-ray photoelectron spectroscopy (XPS), enable
elemental analysis and can provide insight into the oxidation state
and composition of the deposited material.'®® More advanced
approaches, including atomic force microscopy (AFM), can
further track the growth and evolution of nanostructures during
catalysis, offering mechanistic insight into catalyst transformation
pathways.'®” Noteworthy, scanning electrochemical microscopy
(SECM)'®® is now a well-established technique that has found
widespread application in electrocatalysis.

TEM, in particular, is highly sensitive for detecting nano-
clusters formed under catalytic conditions, even at low concen-
trations. However, such sensitivity can also be misleading, as
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the mere presence of nanoparticles does not necessarily con-
firm their catalytic relevance. Moreover, imaging very small
clusters (<1 nm), especially for first-row transition metals,
remains challenging due to low contrast. Consequently, the
absence of observable deposits in SEM or TEM analyses cannot
definitively rule out the formation of catalytically active
nanoclusters. These limitations highlight the importance of
combining microscopy with other diagnostic techniques to
reliably assess catalyst homogeneity.

A notable example in the context of HER catalysis is the
cobalt clathrochelate complex [Co(dpg)s;(BF),]" (dpg = diphe-
nylglyoxime), first reported in 2008."*° Despite the saturated
coordination environment of the cobalt center, which initially
obscured the catalytic mechanism, subsequent studies revealed
that the observed activity originated from heterogeneous
species.'® Evidence included a positive rinse test following
electrolysis, bleaching of UV-vis absorption features, and SEM
images showing cobalt-containing nanoparticle deposits on the
electrode surface after catalysis. This seminal case underscores
the necessity of employing a combination of complementary
techniques to distinguish between true homogeneous catalysis
and catalysis arising from in situ generated heterogeneous
materials.

3.5. In situ spectroscopy

Spectroelectrochemistry (SEC) and UV-visible spectroscopy
enable in situ monitoring of the spectral properties of catalytic
systems under electro- and photocatalytic conditions, respec-
tively."’® These techniques provide valuable insight into struc-
tural changes, intermediate transformation, and the evolution
of catalytically active species during catalysis. In contrast to
conventional approaches, where aliquots are withdrawn during
or after the reaction for ex situ analysis, SEC and UV-visible
spectroscopy allow continuous monitoring with minimal sam-
ple volumes while the system is actively undergoing electron
transfer or light-driven processes.

In many HER systems, UV-visible spectroscopy can offer
compelling evidence of catalyst transformation, such as ligand
dissociation or aggregation, often manifested by a loss of
characteristic absorption bands or an increase in background
scattering due to precipitate formation. Despite their diagnos-
tic power, SEC and UV-visible spectroscopy remain under-
utilized in studies of hydrogen evolution and other small-
molecule catalytic activation.'>"”" Their broader adoption is
expected to significantly enhance mechanistic understanding
and catalyst evaluation in the near future.

3.6. Dynamic light scattering (DLS)

Importantly, the diagnostic tests discussed above are primarily
applied to electrocatalytic HER systems, whereas assessing
catalyst homogeneity becomes more challenging under photo-
catalytic conditions.’”'”® In such cases, dynamic light scatter-
ing (DLS) offers a convenient and powerful complementary
technique, as it enables the detection of colloidal particles in
solution, typically within the ~1 nm to 1 pm size range.">®
Because DLS measurements are performed directly in solution,
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Table 2 Summary of recommended tests used to evaluate the homogeneity of photo- or electro-catalysts

Method Detects Strength Limitation

Stripping CV Deposited metal Quick electrochemical evidence Indirect

Rinse test Persistent surface activity Simple False +/—

Hg test Metal nanoparticles/surfaces Classical poisoning test Non-universal
SEM/TEM Particles/films Visual evidence Ex situ

XPS/EDX Composition Elemental information Surface only
UV-Vis/SEC Transformation in solution In situ characterization Indirect

DLS Colloids Solution-based Contamination sensitive

they are particularly useful for identifying nanostructured
species formed in situ during photocatalysis, as well as particles
that may detach from the electrode under electrocatalytic
conditions. This can also be supported by spectroscopic data,
as degradation of the electrocatalyst and/or photosensitizer can
often be readily detected by absorption spectroscopy.

However, while DLS can confirm the presence of nanoscale
aggregates or clusters, it does not provide direct evidence of
their catalytic relevance. As such, the detection of particles
alone cannot establish whether these species are responsible
for the observed activity. Additionally, DLS measurements are
highly sensitive to contaminants such as dust or impurities,
which can generate misleading signals and artificially inflate
particle sizes. Therefore, careful sample preparation and data
interpretation are essential to avoid false positives. As a result
of that, DLS measurements should be interpreted in con-
junction with complementary techniques such as electroche-
mical analysis, microscopy, and spectroscopy, to obtain a more
comprehensive understanding of the nature of the active
catalyst. While Table 2 summarizes the tests discussed above,
along with their respective strengths and limitations, no single
diagnostic method can unambiguously establish catalyst
homogeneity. Reliable assignment of the active species requires
joining evidence from electrochemical, spectroscopic, and
surface-sensitive techniques.

4. Copper-based HER catalytic
systems

Reported molecular copper catalysts or pre-catalysts for the
HER can be broadly grouped into two principal classes: poly-
pyridine-based systems and copper macrocyclic complexes
alongside a few additional systems. Section 4.1 discusses the
parameters that control the molecular design of copper-based
HER catalyst, Section 4.2 is dedicated to discussing pre-catalyst
activation and catalyst reconstruction for copper-based HER
systems, then Sections 4.3 and 4.4 explore the examples of each
category in details, with a comparative summary of their
catalytic performances is provided in Table 3.

4.1. Molecular design parameters governing copper-based
HER catalysts

Like other transition metal systems, copper offers earth abun-
dance, low cost, and rich coordination chemistry, yet its cata-
lytic performance is highly dependent on ligand environment

© 2026 The Author(s). Published by the Royal Society of Chemistry

and electronic stabilization of reactive intermediates. Accord-
ingly, ligand design plays a central role in determining activity,
selectivity, and long-term stability. Fig. 8 summarizes the
possible ligand platforms that have been employed to coordi-
nate Cu(u) centers, together with additional ligand designs that
remain unexplored for HER.

One of the most important parameters is the nature of
the donor atoms coordinating the copper center. Nitrogen-
based ligands such as polypyridines,'®¢*'%174178 and macro-
cycles'®®1797187 often provide strong coordination, tunable
electronics, and access to well-defined Cu(i)/Cu(u) redox cou-
ples. Sulfur or oxygen containing ligands (Fig. 8, middle),"”*"®®
can enhance electron donation and mimic biological copper
sites, while mixed donor frameworks such as N,S-, P,N-, or P,S-
chelates may combine electronic flexibility with structural
rigidity, with further examples still to be introduced. Control
over the donor strength can modulate reduction potentials,
proton affinity, and metal hybricity, all of which are critical for
HER turnover.

A second key factor is the coordination geometry and
structural flexibility of the copper center. Depending on its
oxidation state and ligand environment, copper can readily
adopt tetrahedral (commonly Cu(1)), square-planar (sp), square
pyramidal (spy), or other distorted geometries. Because cataly-
tic HER frequently involves interconversion between Cu(u)
and Cu(1) states, ligand frameworks that can accommodate
geometric reorganization may lower the energetic differences
associated with electron-transfer steps. However, excessive
structural lability can promote catalyst decomposition or deme-
tallation. Comparisons between macrocyclic multidentate ver-
sus noncyclic systems, such as those leading to square-
pyramidal and trigonal bipyramidal structures (Fig. 8), provide
valuable insight into structure-activity relationships and the
stability of catalytic intermediates. Therefore, the most effective
systems generally balance sufficient flexibility to enable cata-
lysis with adequate rigidity to maintain molecular integrity
under reducing conditions.

Another major design principle is the incorporation of
proton relays and second-sphere functionality. In the case of
copper-based HER catalysts, this area remains comparatively
underdeveloped and offers substantial opportunities for future
advancement, unlike cobalt- and nickel-based systems where
such strategies are already well established in the literature.®**5°7%>
Pendant amines, carboxylates, alcohols, or other proton-responsive
groups positioned near the metal center can facilitate proton-
coupled electron transfer, accelerate H-H bond formation, and
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Table 3 Summary of performance metrics for copper-based catalysts/pre-catalysts employed in the HER

Applied Photo-electrocatalytic conditions” CPE Diffusion

Catalyst TON kobs/TOFmax/s™ " potential®/V vs. Fc  (solvent/proton source) FE/% duration/h coefficient/D/cm? s™* Ref.
Cu, — 1377 —1.9 CH;CN/AcOH (100 mM) 99 1 2.9 x 10°° 174
Cu, — 81.38 —1.65 H,0/AcOH (60 mM) 91 3 5.7 x 1074 196
Cuz, 10 — —1.75 DMF/AcOH (0.625 mM) — 1 — 175
2980 £ 20 — — H,O0/pH 1 80 3 — 175
Cusyp 14 000 1000 —1.53 H,O/pH 2.5 96 2 110
Cuy 73 241.75 —1.65 H,0/AcOH (30 mM) 94 1.6 1.1 x 10°° 176
Cu; 1450 — —2.0 H,0/pH 5 >80 1-2 — 188
Cug 19.7+ 39 — —-1.9 CH;CN/AcOH (1 M) — 4 — 199
Cuy, 153 +£24 — —-1.9 CH;CN/AcOH (1 M) — 4 — 199
Cug 12.8 £2.9 — —-1.9 CH;CN/AcOH (1 M) — 4 — 199
Cu, 0 — -1.9 CH,;CN/AcOH (1 M) — 4 — 199
Cuyp  — 1473 -1.9 DMF/H,0 (95:5 v/v) (30 mM AcOH) — 0.5-1 7.24 x 107° 177
— — —1.4 0.1 M KHP buffer/pH 1.6 93 0.5 — 177
Cuy, — 700 -1.9 DMF/H,O (95:5 v/v) (30 mM AcOH) — 0.5-1 2.7 x 107° 177
— — —1.4 0.1 M KHP buffer/pH 1.6 93-98 0.5 — 177
Cu,, — 926 -1.9 DMF/H,0 (95:5 v/v) (34 mM AcOH) — 0.5-1 3.8 x 10°° 177
— — —1.4 0.1 M KHP buffer/pH 1.6 98 0.5 — 177
Cuy3 — 1153 —1.9 DMF (34 mM ACOH) 90 1 1.2 x 107 106
— — —-1.9 0.1 M KHP buffer/pH 7 — — — 106
Cuy, — 1682 —1.9 DMF (30 mM ACOH) 95 1 2.6 x 10°° 106
— — —1.9 0.1 M KHP buffer/pH 7 — — — 106
Cuys — — — DMF/TFA — — — 200
Cuy, — 2 x 10° — DCM/TFA — — — 179
CUy7ad — ~1.35 MeCN/TFA (70 mM) >97 1 9.95 x 107° 180

1.55 x 107°

6.85 x 107°

7.12 x 10°°
Cuyyy  — 4.3 x 10* —-1.25 MeCN/TFA (60 mM) >96 1 9.95 x 107 181
Cuyg — 6.8 x 10* —1.25 MeCN/TFA (60 mM] >95 1 1.51 x 10° 181
Cuy  — — —-1.20 MeCN/TFA (100 mM) >95  ~2 — 182
Cuyg — — —1.40 MeCN/TFA (100 mM) >95 ~2 — 182
Clyaq — — ~1.35--1.70 MeCN/TFA (60 mM) >90 1 — 183
Cuy, 102 0.5 x 107 —1.05 DMF/TFA (100 mM) 97 0.5 — 184
Cuy; 18 — —1.05 DMF/TFA (100 mM) 71 0.5 — 184
Cuyye — — — H,0/0.1 M KOH — 2 — 185
Cuys 23 — —1.50 MeCN/TFA (150 mM) 99 2 — 186
Cuyg 12.5 — —1.70 MeCN/AcOH (80 mM] — 6 7.7 x 10°° 100
2628 — —1.60 H,O/buffer pH7 93 62 102
Cuy,, 2.5 — —1.70 MeCN/AcOH (80 mM) — 6 3.4 x10°° 100
Cuyg <1 — —1.70 MeCN/AcOH (80 mM] — 6 5.4 x 10°° 100
Cu,’ 6820 13.5 — DMF: H,O (4:1) /BIH — 530 — 224
Cuz,’ 3738 11.7 — DMF: H,O (4:1) /BIH — 530 — 224
Cuy,® 2240 13.3 — DMF: H,O0 (4:1) /BIH — 530 — 224

“ Potentials referenced to SCE were converted to the Fc'/Fc by subtracting 0.38 V.'** ? Solvents contain 0.1 M TBAPF; as the supporting electrolyte.

¢ catalysts studied for HER under photocatalytic conditions.

lower the overpotential. These secondary-sphere interactions
mimic enzymatic active sites, where proton delivery pathways
are precisely regulated. Further discussion of this concept is
provided in Section 5.1.

The first highly efficient molecular copper catalyst reported
for the hydrogen evolution reaction appeared in 2014
(Cuzp, Fig. 9). This complex features diamine-tripyridine
ligand, exhibited remarkable activity in buffered aqueous
solution at pH 2.5, with an estimated turnover frequency of
10000 s ~.™° 1t should pointed out that this polypyridine
system was well established for the cobalt(ur)-based HER
systems.>”'>® The discovery of this system represented an
important milestone for molecular copper HER catalysis, as
copper complexes had previously been explored more exten-
sively for CO, reduction than for hydrogen evolution. Notably,
the catalyst delivered TOF values comparable to those
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reported for benchmark systems based on other metals, such
as nickel-diphosphines and cobalt-dioixmes.®®**1194195 A key
structural feature of Cugy, is its distorted trigonal bipyramidal
geometry, which may facilitate the Cu(u)/Cu(i) transformation
by lowering the associated activation barrier. The pentaden-
tate ligand strongly chelates the copper center, thereby enhan-
cing catalyst stability and suppressing decomposition.
In addition, the three pyridine donors may help stabilize the
reactive Cu(1) intermediate through electronic interactions,
while the pendant amine groups can serve as proton relays
during catalysis.

Generally, high-performance molecular copper HER cata-
lysts are expected to combine (i) tunable donor environments,
(ii) accessible Cu(1)/Cu(u) redox chemistry, (iii) efficient proton
relays, (iv) resistance to decomposition, and (v) compatibility
with device integration. Future progress will likely arise from

© 2026 The Author(s). Published by the Royal Society of Chemistry
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coupling ligand-centered design with operando mechanistic
studies and computational screening, enabling more predictive
development of sustainable copper-based hydrogen evolution
catalysts.
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These design features are also reflected in other classes of
molecular copper catalysts, particularly copper macrocycles.
One notable example is copper corrole, which was reported at
approximately the same time as the polypyridine-based Cug;,
system."®® This class of complexes (Cuys,) Was shown to be
active toward HER, although its catalytic performance is
strongly influenced by the electronic environment at the per-
iphery of the macrocyclic framework. Similar behavior has also
been observed in related systems such as copper porphyrins
and other macrocyclic architectures, as discussed in the corres-
ponding sections below. Finally, it is evident that copper-based
systems represent a promising platform for HER; however, the
rational design principles and lessons derived from the earliest
active copper complexes (Cusp, and Cu,s,) were not fully recog-
nized at the initial stages of the field. As a result, many catalysts
reported over the past 10 years displayed modest activity and, in
several cases, underwent decomposition to form copper oxides
or other heterogeneous species. This motivated us to highlight
these lessons and convey their broader implications through
the present review, with particular emphasis on the significant
efforts devoted to identifying the true catalytically active species

TS 0 5
A0 e

Cfc@% gk% Sprs

CU3a

CI.I3b

Fig. 9 Chemical structures of polypyridine-copper complexes used for HER.
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in highly active copper-based HER systems. In the following
sections, a more detailed analysis of these catalysts, their
mechanistic activation behavior as well as lessons learned from
their designs are presented.

4.2. Pre-catalyst activation and catalyst reconstruction

Unlike many idealized catalytic cycles, the initially synthesized
molecular complex is often not the true catalytically active
species under operating conditions. This phenomenon is not
unique to copper and has been widely observed in molecular
HER catalysts based on earth-abundant metals such as cobalt,
nickel, and iron,*****>7*3% where reduction-induced structural
rearrangements, ligand dissociation, and catalyst transforma-
tion frequently precede productive hydrogen evolution. Mole-
cular copper systems, however, present additional complexity
owing to the inherent instability of Cu(i) intermediates, which
can undergo disproportionation, ligand reorganization, or
transformation into heterogeneous copper-containing species.
Consequently, the initially synthesized copper complex often
functions as a pre-catalyst rather than the actual catalytic
species. Understanding these activation pathways is therefore
essential for correctly interpreting catalytic performance, estab-
lishing meaningful structure-activity relationships, and distin-
guishing genuine molecular catalysis from activity arising from
transformed heterogeneous species. Following reduction-
induced activation, molecular copper pre-catalysts generate
Cu(r) intermediates that represent a key branching point in
catalyst evolution (Fig. 10). Depending on catalyst structure and
operating conditions, these intermediates may either remain
molecular and participate in homogeneous HER or undergo
disproportionation and catalyst transformation, leading to
Cu(0), CuO,, or surface-bound species that contribute to
heterogeneous HER activity. The relative importance of these
pathways is governed by ligand properties and reaction
conditions.

Molecular
Cu-HER

Pre-Catalyst

Factors influencing catalyst fate

reduction induced

Ligand regidit,
activation e )

Ligand denticity

Cu(l) intermediate

Electronic structure

disproportionation
or transformation
pathway

molecular activation
pathway
Electro-/photo-catalytic conditions:
(pH. photosensitizer, proton source, duration)

Cu(0),Cu,O, or
surface-bound
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molecular active

Apppl I/ light
species pppleid potential/ light irradiation

heterogeneous HER

homogeneous HER activity

activity

Fig. 10 Generalized activation pathways and catalyst fate in molecular
copper HER systems.
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Evidence for the activation pathways illustrated in Fig. 10
has been reported for numerous molecular copper HER sys-
tems discussed throughout this review. In many cases, electro-
chemical reduction of Cu(u) precursors generates Cu(i)
intermediates that are proposed to participate directly in pro-
ton reduction.'®®1°%1%° However, several studies discussed in
Section 3 of this review have also reported catalyst transforma-
tion through Cu(i) disproportionation, ligand dissociation, or
the formation of Cu(0)- and Cu,O-containing deposits, as
evidenced by stripping experiments, rinse tests, mercury poi-
soning studies, and post-catalytic surface characterization
using SEM, EDX, and XPS (see Sections 3, 4.3-4.5). These
observations highlight that catalyst activation, catalyst integ-
rity, and catalytic function are often closely interconnected.
Consequently, evaluating the nature and stability of the active
species should be regarded as an essential component of
catalyst development rather than merely a mechanistic
consideration.

4.3. Copper-polypyridine systems

Chen et al. reported in 2025 a pyridine-bistriazole octahedral
diacetate copper complex (Cuy, Fig. 9)""* and investigated its
efficiency as an electrocatalyst for hydrogen evolution in acet-
onitrile, using acetic acid (AcA), trifluoroacetic acid (TFA), or
p-toluenesulfonic acid (TsOH) as proton sources. The Cuy
complex was prepared by first synthesizing the ligand, followed
by coordination with copper(u) perchlorate in a 1:2 ligand-to-
metal ratio. The ligand was obtained via a click reaction
between 2,6-bis(ethynyl)pyridine and methyl 2-azidoacetate.
The complex in acetonitrile displayed two irreversible reduction
events; at —0.280 V assigned to Cu" and —0.866 V assigned to
cu"®, with a sharp ’stripping’ peak at —0.50 V observed in the
reverse scan of the CV, consistent with Cu' disproportionation
(see Section 3 for more information about stripping signals).
The findings indicate that Cu, exhibits a catalytic performance
with an overpotentials ranging from 520 to 550 mV, faradaic
efficiency of 99% and a maximum TOF of 1377 s™' in acetic
acid, and 535 s~ and 519 s ' in TFA and TsOH, respectively.

In this study, the controlled potential electrolysis (CPE)
experiment was carried out at —1.9 V vs. Fc for one hour.
Subsequent rinse tests indicated some activity of the electrode,
suggesting that a small amount of catalytically active species
was deposited, although this was less than the activity observed
for the catalyst solution. SEM and EDX analyses of an electrode
that had been immersed in the catalyst solution after 20 cyclic
voltammetry (CV) scans or following CPE experiments revealed
no significant deposition of the catalyst, with only trace
amounts of nitrogen (N) and copper (Cu) detected (<10%).
High-resolution XPS analysis was consistent with the presence
of species containing Cu(0), oxide, hydroxide, and nitrogen.
Overall, the study demonstrates the effect of the proton source
on catalytic activity by altering the mechanism pathway, utiliz-
ing a comprehensive application of characterization techniques
to identify the true active species. Additionally, the study
observes the minor deposition of copper-based species on the
electrode, which may serve as a high-efficiency electrocatalyst.
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As the group did not conduct prolonged electrolysis, significant
deposition of the active species cannot be ruled out.

In 2024, Chettri et al. reported the development of a soluble
copper pincer catalyst (Cu,, Fig. 9)."°° This complex was
synthesized by reacting hydrated copper(u) nitrate with the
pyridine-2,6-dicarboxylate ligand (pdc) in a 1:1 ratio in an
ethanol-water mixture following previous literature protocol.
The electrocatalytic performance of Cu, for hydrogen genera-
tion was investigated in acidic aqueous environments, using
KClI as the electrolyte and acetic acid (AcOH) (60 mM) as a
proton source."®® The catalyst adopted a distorted square
pyramidal geometry (Fig. 9), with a water molecule occupying
the axial position. It demonstrated a stability in water for of
72 hours, as well as under electrocatalytic conditions. The
catalyst exhibits two distinct reduction events: one occurring
at —0.99 V, attributed to the Cu™" redox couple, and the other
one at —1.80 V, likely associated with ligand-based reduction.
The diffusion coefficient of Cu, was determined in a 0.1 M KCl
solution as 5.7 x 10~ * cm?® s~'. The control experiment con-
ducted on hydrated Cu(u) nitrate in the presence of 4 mM acetic
acid did not exhibit a significant increase in catalytic current
readings when compared to the catalyst. The rate constant,
which corresponds to the turnover frequency, was determined
using the ic,/i, ratio (eqn (7), Section 2) as 81.38 s~ '. None-
theless, this rate constant was established at a scan rate of 100
mV s~ ', and there is currently no data indicating the conditions
under which catalytic current becomes independent of the scan
rate, thereby enabling the appropriate application of the equa-
tion. CPE experiment conducted at Epp,; of —1.65 V versus Fc,
using 1 mM of the catalyst and 60 mM acetic acid (AcOH) in
0.1 M KCl aqueous electrolyte for three hours, resulted in a
charge accumulation of 10.55 C. Gas chromatography (GC)
analysis of the headspace confirmed the production of hydro-
gen gas, yielding a Faradaic efficiency of 91%. The integrity of
the molecular catalyst was further demonstrated by monitoring
the ultraviolet (UV) absorption at pre-and post-CPE experiment,
revealing a negligible difference.

The post-CPE rinse test demonstrated no significant cataly-
tic activity. Additionally, a soak test was performed, in which
the glassy carbon electrode (GCE) was immersed overnight in
an aqueous solution of 0.1 M KCI containing 1 mM of the
catalyst and 60 equivalents of AcOH. Following this, the GCE
was thoroughly rinsed with deionized water and subsequently
placed in a fresh 0.1 M aqueous KCI solution in absence of
dissolved catalyst or acid. CV analysis of the treated GCE did
not reveal any redox waves, indicating the absence of detectable
adsorption of any species. However, this does not definitively
prove that deposition did not occur during the prolonged
electrolysis in the presence of acid and catalyst. Energy-
dispersive X-ray (EDX) measurements of the electrode post-
CPE indicated the presence of carbon only, with no evidence of
metallic copper or its oxides. Finally, the group conducted a 10-
hour CPE electrocatalytic experiment similar to the previous
one, it was observed that approximately 13% of the copper
catalyst, as determined by UV analysis of the solution at pre-and
postCPE, was converted into a deposit on the electrode, with
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EDX analysis revealing the presence of metallic copper along
with oxygen and nitrogen elements.

Shah et al. synthesized in 2025 a hexa-coordinated copper
catalyst ligand (Cus,, Fig. 9), which incorporates the tris(2-
aminoethyl)Jamine (TREN) Schiff base ligand featuring seven
nitrogen donors."””> This configuration includes a tertiary
amine in the outer coordination sphere, facilitating flexibility
within the ligand framework and providing an additional site
for protonation. The multidentate N-donor ligand, tris-[4-(2-
pyridyl)-3-azabut-3-enylJamine widely known as TPA, was
synthesized following classical protocol, typically by reacting
tris(2-aminoethyl)amine with three equivalents of pyridine-2-
carbaldehyde in dry methanol. Subsequent addition of one
equivalent of Cu(ClO,),-6H,0 salt to a dry methanolic solution
of TPA in anaerobic conditions afforded a green solution which
on exposure to air for one hour afforded a green solution
of Cug,.

The protonation of the tertiary amine significantly influ-
ences the catalytic process by promoting energetically favour-
able pathways for electron and proton transfer, thereby
enhancing catalytic efficiency under acidic conditions. Cugz,
demonstrated two redox events in dimethylformamide (DMF)
at approximately —0.60 V and —1.80 V, with the first reduction
attributed to the Cu™/Cu' couple and the second centered on
the ligand. At an applied potential of —1.75 V in DMF, in the
presence of 0.625 mM acetic acid, a turnover number (TON) of
10 was achieved during a one-hour CPE experiment. Further-
more, the catalyst proved effective for hydrogen production
from water across a pH range of 1.0 to 7.0, with a series of CPE
experiments conducted at each pH value, resulting in relatively
large overpotentials ranging from 0.686 to 0.914 V. Notably, at
pH 1.0, the catalyst exhibited enhanced activity, achieving a
TON of 2980 + 20 over three hours and a faradaic efficiency
exceeding 80%. In contrast, a control experiment utilizing
Cu"(Cl0,), demonstrated minimal activity under similar con-
ditions. A combination of rinse tests and SEM with energy-
dispersive spectroscopy (SEM-EDS) analyses confirmed that no
significant deposition of any copper-based material was
observed on the electrode after the bulk electrolysis, supporting
the molecular integrity of the catalyst throughout the electro-
lysis process, thereby substantiating its homogeneous nature.

Notably, this TREN-based copper catalyst bears close struc-
tural resemblance to one of the earliest reported molecular
copper HER catalysts, (Cusp, Fig. 9) synthesized by Wang et al.
in 2014.""° Interestingly, synthesis of this complex was achieved
conveniently by reaction of Cu(BF,),-6H,0 with the tripodal
bztpen ((bztpen = N-benzyl-N,N',N'-tris(pyridin-2-ylmethyl)ethylene-
diamine) ligand in water.

Both systems incorporate polypyridine frameworks; how-
ever, Cuzp, demonstrated markedly superior activity in aqueous
media. Electrochemical studies revealed two one-electron
reduction events at —0.53 V (Fig. 11a), assigned to the Cu""
couple, and a quasi-reversible process at —1.22 V, attributed to
cu. Remarkably, Cugy, exhibited a kops of 1000 s~ * (Fig. 11b),
obtained using eqn (7) (Section 2), among the highest
reported for a copper-based molecular HER catalyst. Under
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Fig. 11 (a) Cyclic voltammograms of Cusy ([(bztpen)Cul(BF4),) (0.5 mm;
red) and Cu(BF4), 6H,O (0.5 mm:; blue); the blank CVs of a copper plate
electrode (green) and a glassy carbon electrode (black) in 0.1 M phosphate
buffer at pH 2.5 under N, atmosphere at a scan rate of 50 mV s~* are also
shown. Inset: Enlarged view of the reversible reduction wave at —0.03 V.
(b) CV of Cusp (0.5 mm) at various scan rates from 0.05 to 6.00 V s %, Inset:
Plot of jc/j, versus the reciprocal of the square root of scan rate. Adapted
from ref. 110 with permission from Wiley-VCH,*° copyright 2015.

controlled-potential electrolysis (CPE) in 0.1 M phosphate
buffer (pH 2.5) at —1.53 V vs. Fc'’°, Cuyy, achieved a turnover
number (TON) of 1.4 x 10%, corresponding to a TOF of
7000 h™', with a Faradaic efficiency of 96% over two hours.
The molecular nature of the catalyst was carefully evaluated:
Cu(BF,), salt was inactive under identical conditions (Fig. 11a),
and rinse tests performed after CPE in fresh electrolyte showed
negligible residual activity, largely excluding catalysis by deposited
species. Although SEM and EDX analyses indicated minor copper
deposition on the working electrode surface after bulk electrolysis,
the authors concluded that hydrogen evolution was predominantly
mediated by the molecular Cug, complex. Furthermore, the
proposed Cu' intermediate suggested to be the catalytically active
species was independently prepared and isolated, providing addi-
tional mechanistic support for the catalytic pathway.

Within the same year (2025) of Cus, report, Diyali et al.
presented a water-stable copper catalyst incorporating N, and
S, donor ligands (Cuy, Fig. 12)."”® The ligand was synthesized
by coupling 2-picolyl chloride with 2,3-butanedithiol in the
presence of sodium ethoxide (NaOEt) in ice-bath, followed by
reflux. The corresponding Cu, complex, was then obtained by
reacting the N,S, ligand with hydrated Cu(ClO,), in methanol.
This complex exhibits a square pyramidal geometry, with a
chlorido-ligand occupying the axial position (Fig. 12a).
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Fig. 12 (a) ORTEP drawing of [Cu4]ClO4 with a 30% probability of thermal
ellipsoids. Hydrogen atoms are omitted for clarity; (b) supramolecular
framework of [CuslClO4. (c) CVs of 1 mM Cu,, the LN?5? ligand and bare
glassy carbon electrode (GCE) in 0.1 M aqueous KClat 100 mV s™%; (d) CVs
of the complex at various scan rates. Inset represents the variation of peak
current (ip) vs. square root of the scan rate; (e) CVs of 1 mM Cuys in 0.1 M
aqueous KClat 10 mV s™* scan rate without acid addition (black) and upon
the addition of different concentrations of AcOH; (f) ic vs. [AcOH] fitted
with a linear correlation exhibiting an R? value of 0.997. Adapted from
ref. 176 with permission from Wiley-VCH,'® copyright 2025.

The catalyst demonstrated stability in water for 72 hours. Cyclic
voltammetry conducted in an aqueous KCl aqueous solution
reveals two primary irreversible reduction events at —1.11 V and
—1.51 V (vs. Fc). The first reduction event is attributed to the
cu™ couple, followed by the loss of chloride, while the second
event is confirmed as a ligand-centered event by comparing it
with the CV of the zinc complex under identical conditions. The
diffusion coefficient of the complex is consistent with those of
the copper complexes, 1.1 x 10~° cm™ " s™". The ica/ip value of
35.4 was achieved by this catalyst in the presence of 30 mM
AcOH in an aqueous solution, which corresponds to a turnover
frequency (TOF) of 241.75 s~ as calculated using eqn (7)
(Section 2). However, this measurement was not conducted
under a CV scan rate-independent regime, which is essential
for accurately deriving this value. It is important to exercise
caution when applying this equation, particularly when side
phenomena are potentially present, as indicated by the catalytic
current readings not being proportional to the scan rate,
suggesting an unlimited amount of substrate or other side
phenomena. A CPE experiment in a 0.1 M KCI aqueous electro-
lyte was conducted at —1.65 V vs. Fc for 1.6 hours on a glassy
carbon electrode, resulting in a turnover number (TON) of 73
and a faradaic efficiency of 94.2%. The research team assumed
an overpotential of 660 mV. To investigate catalyst degradation,
the team performed extensive cyclic voltammetry and detailed
control experiments, although copper salt was not included.
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Furthermore, the team assessed the possibility of catalyst
deposition on the glassy carbon electrode after a 5-hour
CPE experiment, which provided sufficient time to detect
deposited species including copper(u) oxide, as revealed by
XPS analysis. A key finding from this study indicates that
CuO species are more prevalent during prolonged CPE experi-
ments exceeding 1.6 hours; thus, shorter CPE experiments may
minimize decomposition, favouring a homogeneous catalytic
pathway.

Ghorai et al. synthesized in 2025 a series of water-soluble
distorted square-planar copper complexes that incorporate a
common N,O, Schiff base (salen-type) ligand, with ortho-
substituents (-H, -OH, and -OMe) in their secondary coordina-
tion spheres (Cus, Fig. 9), and examined their electrocatalytic
performance for hydrogen generation in nearly neutral aqueous
environments.'®® It is noteworthy that salen-type complexes are
versatile in literature and serve as a diverse platform for pre-
catalysts in various transformations.'®”'® These complexes
can be conveniently prepared following established procedures.
Typically, the salen ligand is formed via a Schiff base reaction
between ethylenediamine and the corresponding aldehyde
precursors, such as o-vanillin, 2,3-dihydroxybenzaldehyde, or
related 2-hydroxyaldehydes. The resulting salen ligands are
then refluxed with stoichiometric amounts of Cu(u) salts in
methanol to afford the desired copper complexes.

Cyclic voltammograms of the complexes in DMF exhibited a
reversible Cu™" redox peak at approximately E;;, = —1.65 V,
similar event was also observed in neutral aqueous solutions
within the same potential range (—1.65 V to —1.63 V). In
aqueous electrolyte additional irreversible peak was noted for
the complexes at more negative potentials (—1.9 V to —2.1 V),
attributed to the electrocatalytic hydrogen evolution process.
Under more acidic conditions, a greater enhancement in cur-
rent was achieved, accompanied by an anodic shift in the
catalytic potential. However, a significant reduction in the
catalytic rate was observed at pH as low as 4, with all three
complexes exhibiting a marked decrease in activity, which was
attributed to the potential hydrolysis of the imine functionality,
resulting in deactivating of the catalysts. Among the complexes
studied, the hydroxyl-substituted complex was identified as the
most catalytically active, likely due to the stabilization of the
catalytic intermediate through hydrogen bonding facilitated by
the ortho-OH substitution. This complex achieved a turnover
number (TON) of approximately 1450 on a plastic chip graphite
electrode (1 cm x 2 cm) in aqueous buffer electrolyte at pH of
5.0, while the complex with the -OCH; substituent displayed a
TON of only 520, compared to 1320 for the unsubstituted
complex (H), under an applied potential of around —2 V vs.
Fc, demonstrating a faradaic efficiency of 80% with an over-
potential range of 700 mV to 900 mV across a pH range of 7 to 4.
A series of analyses were conducted to confirm the homoge-
neous nature of the complexes, including cyclic voltammetry
before and after the CPE experiment, albeit no control copper
salt experiment was conducted in the study. A more reliable
analysis utilizing SEM, EDX of a carbon paper electrode used as
the working electrode for CPE experiment over 1-2 hours
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revealed no detectable copper deposition on the electrode
surface.

Loke et al. reported in 2021 a systematic electrochemical
evaluation of four tetrahedral Cu(i) complexes; [Cu(MeCN),]|PFg,
[Cu(dppe),]PFe, [Cu(bpy),]PFs, and [Cu(bpy)(dppe)]PFs (CueCus,
Fig. 9) as molecular electrocatalysts for proton reduction
to dihydrogen in acetonitrile using acetic acid as the proton
source." Cu,~Cu, were readily synthesized by direct coordination
of the desired ligands to the Cu() center of Cug. In each case, two
bidentate ligands displaced the weakly bound acetonitrile ligands,
resulting in the formation of four-coordinate copper(i) complexes.

Cyclic voltammetry revealed that complexes bearing labile
nitrogen donors, Cue and Cus, exhibit efficient catalytic activity
with low overpotentials (determined using Appel and Helm
method;'** difference between E.,, and the E° of acetic acid,
see Section 2) of approximately 0.4 V and TON of 19.7 + 3.9 and
15.3 £ 2.4, respectively, whereas the phosphine-rich complex
[Cu(dppe),]PFs (Cuy) was catalytically inactive and the mixed-
ligand complex [Cu(bpy)(dppe)]PFs (Cug) required a higher
overpotential (ca. 0.6 V) with TON = 12.8 + 2.9. Electrochemical
features, including ligand-dependent Cu”® redox behaviour,
acid-dependent catalytic currents, and scan-rate-dependent
curve crossing, support an ECEC-type mechanism involving
initial reduction of Cu(1), ligand dissociation, protonation of
surface-associated Cu(0) species, and subsequent formation of
transient Cu-hydride intermediates leading to H, release. Over-
all, the results demonstrated that ligand lability is a key
determinant of catalytic efficiency in Cu(1)-mediated proton
reduction. Overall, in addition to modest TON achieved by
the active system, the study does not provide definitive proof
that proton reduction proceeds via a purely homogeneous Cu(i)
molecular catalyst. Several observations, particularly ligand
dissociation upon reduction, emergence of stripping wave
features in the electrocatalytic CVs consistent with Cu(0) for-
mation suggest possible involvement of heterogeneous,
surface-bound copper species.

Rai et al. reported in 2020 three Cu(u) terpyridine-based
molecular electrocatalysts (Cuyo-Cuy,, Fig. 9)."”7 All complexes
feature square-pyramidal Cu(u) centers ligated by terpyridine
frameworks, with acetate occupying equatorial/axial positions
and labile aqua coordination under acidic conditions.

The terpyridine ligand was synthesized following a reported
procedure. Typically, one equivalent of pyridine-4-carbaldehyde
was reacted with two equivalents of 2-acetylpyridine in ethanol.
This was followed by the addition of KOH and aqueous ammo-
nia, and the reaction mixture was refluxed overnight, resulting
in the formation of an off-white precipitate. The isolated ligand
was subsequently treated with Cu(OAc),-H,O to afford the
corresponding copper complexes.

Electrochemical studies in DMF reveal quasi-reversible Cu
couples at ca. —0.27 to —0.33 V vs. SCE, followed by more
cathodic (Cu(yL) ligand-cantered reductions. Upon addition of
acetic acid as a proton source to the DMF/H,O solution, all
complexes display significant catalytic currents with onset
potentials appear at approximately —1.25 to —1.36 V vs. SCE
and plateaued near —1.6 to —1.8 V vs. SCE. Kinetic analysis
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shows first-order dependence on catalyst concentration and
second-order dependence on acid concentration. The maxi-
mum TOF values (from CV analysis) reach 1473 s~ for Cuyy,
700 s~ for Cuyq, and 926 s~ * for Cuy,. CPE for proton reduction
was performed at —1.5 V vs. SCE (—1.9 V vs. Fc) in DMF/H,0
with 34 equivalents of AcOH for 0.5-1 h. Faradaic efficiencies
range of 81-95 + 2% was obtained. TOFs derived from bulk
electrolysis correspond to 86, 57, and 38 mol H, h 'mol "
catalyst for Cuyg, Cuyq, and Cuy,, respectively; with no TON
values reported. The catalysts were also active for electrocata-
lytic water reduction in 0.1 M phosphate buffer at pH 1.62, with
catalytic onset at ca. —0.75 V vs. SCE. CPE conducted at —1.0 V
vs. SCE for 0.5 h produced hydrogen with Faradaic efficiencies
of 93-98%. Homogeneous catalysis is supported by diffusion-
controlled voltammetry, first-order dependence on catalyst
concentration, acid-order kinetics, and unchanged CVs before
and after electrolysis; however, no rinse tests or direct electrode
surface analyses were reported to clearly exclude Cu/Cu,O
particle deposition. While the study provides a comprehensive
electrochemical and mechanistic analysis with high TOFs and
excellent faradaic efficiencies, long-term durability metrics are
not systematically reported, and benchmarking turnover
against state-of-the-art molecular HER catalysts is limited.

Similarly, in the following year, the same group reported a
series of mononuclear Cu(u) molecular complexes that are
supported by terpyridine ligands. This time featuring a quino-
line moiety (Cuy3-Cuyy, Fig. 9)."°° The resulting complexes,
which adopt distorted square-pyramidal coordination geome-
tries with labile axial solvent or aqua ligands, were synthesized
following the same protocols used for the terpyridine ligand
and the Cu,¢-Cu,, complexes. Electrochemical studies reveal
quasi-reversible Cu™" redox couples in —0.65 to —0.69 V range
ascribed to Cu™" redox couple and several irreversible peaks
after —1.72 V due to ligand reduction. Electrocatalytic proton
reduction was examined in 95:5 DMF/H,O (v/v) using acetic
acid as the proton source as well as in aqueous phosphate
buffer (pH ~ 7). In DMF, catalysis occurs at applied potentials
of approximately -1.9 V vs. Fc, whereas in neutral aqueous
media the catalytic onset shifts positively to around —1.45 to
—1.55 V vs. Fc. CPE experiment was conducted for 60 minutes,
during which hydrogen evolution was confirmed by gas analy-
sis, with faradaic efficiencies exceeding 90-95%. Turnover
frequencies were estimated from electrochemical data (using
eqn (7), Section 1) to be for 1682 s~ ' Cuyz and 1153 s~ for Cuy,.
Catalytic currents scale linearly with catalyst and acid concen-
tration, suggesting a homogeneous proton-coupled electron-
transfer mechanism. Homogeneous behavior was further sup-
ported by diffusion-controlled voltammetry and unchanged
cyclic voltammograms before and after electrolysis in addition
to EDX and SEM analysis of the working electrode after bulk
electrolysis for 30 minutes. However, no rinse tests or mercury
poisoning experiments so copper deposition under prolonged
operation of at least several hours, cannot be definitively
precluded.

In 2020 Drosou et al. reported a molecular copper()
pyridine-quinoxaline (Cuys, Fig. 9).2°° The authors conveniently
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prepared this complex by reacting 2-pyridin-2-yl-quinoxaline
(pq) with [Cu(MeCN),|BF, in a 2:1 ratio. The reaction mixture
was stirred for 2 hours under anaerobic conditions, affording
the desired complex in 63% yield. HER catalyst under photo-
and electrocatalytic conditions using redox active ligand frame-
works capable of stabilizing the low-valent copper center,>*° the
non-innocent nature of the quinoxaline ligand anticipated to
mediate electron storage and facilitates proton. The CV of Cuys
in DMF features a slightly negative event (—0.18 V vs. Fc)
attributed likely to Cu"® transformation and two more negative
events (—1.70 and —1.97 vs. Fc) ascribed to ligand reduction.
Electrochemical investigations carried out in DMF with trifluoro-
acetic acid (TFA) as a proton source demonstrated by authors
suggested that catalytic hydrogen evolution occurred at mod-
erate overpotentials, with catalytic currents increasing system-
atically upon acid addition. Cyclic voltammetry reveals that
HER activity is closely associated with ligand-based reduction
events rather than purely metal-centered redox processes, high-
lighting the importance of metal-ligand cooperativity in the
catalytic mechanism. The authors didn’t specify any CPE
experiments with all electrocatalytic features were extracted
from the CVs recorded for the complex in TFA/DMF medium.
The electrocatalytic behaviour was also examined in aqueous
solution with the presence of acetic acid as a proton source.
However, no extended CPE experiment or any catalytic metrics
were reported. The authors support molecular catalysis with
ligand-centred redox processes rather than metallic copper.
However, the unperformed prolong electrolysis experiment,
post-electrolysis rinse test, mercury poisoning experiments
and any electrode-deposition analysis limits the definitive
activity of this complex. Mechanistic analysis indicates that
HER proceeds via accumulation of reducing equivalents on the
quinoxaline ligand followed by protonation steps leading to
H-H bond formation, although no discrete hydride intermedi-
ates are directly observed. Overall, this work provides an
important early demonstration that redox-active pyridine-
quinoxaline ligand can enable copper-based molecular HER
catalysis as supported by photocatalytic HER activity as well,
offering a conceptual framework that has influenced subse-
quent catalyst designs. However, further advances in long-term
stability, kinetic efficiency, and operation under application-
relevant conditions (aqueous) are required to fully establish the
practical potential of this catalyst class.

4.3.1. Design lessons from polypyridyl copper systems.
Although direct comparison of molecular HER catalysts is
inherently challenging because of differences in solvent, proton
source, pH, electrode configuration, and applied potential,
several consistent design rules from the studied polypyridyl
copper architectures can be learnt.

First, ligand rigidity and high denticity generally enhance
catalyst stability by suppressing coordination sphere rearrange-
ment and minimizing ligand dissociation under reducing con-
ditions. For example, copper complexes incorporating
pentadentate polypyridyl ligands (Cuz, and Cugp) consistently
exhibit superior electrochemical durability and catalytic perfor-
mance compared to systems based on more flexible tridentate
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(Cuy, Cuy, Cuyy—Cuyy) or bidentate ligands (Cu;-Cug, Cuys).
This trend is reflected in their ability to sustain prolonged
electrolysis experiments (2-3 h), achieving TON values exceed-
ing 3000-14 000, and operate under highly acidic conditions
(pH 1-2.5), where many other molecular copper catalysts dis-
play rapid deactivation.

Second, incorporation of proton-responsive functionalities
can substantially improve catalytic efficiency. Pendant amines
and related proton relays facilitate proton-coupled electron
transfer (PCET), lowering kinetic barriers associated with pro-
ton delivery and often reducing the overpotential required for
HER. This effect is particularly evident in terpyridine-based
systems such as Cu,y and Cuy4, where strategically positioned
pyridyl or quinoline moieties enhance both proton transfer and
electronic communication with the metal center, resulting in
significantly improved catalytic rates (TOF = 1473-1682 s )
relative to analogous lacking such features
(Cuy1—Cuy3).

Third, ligand donor identity appears to play an important
role in determining catalyst activity and durability. Overall,
copper complexes supported by exclusively nitrogen-donor
environments (e.g. Cu,, Cug,, Cusp, and Cug) tend to outper-
form related mixed-donor systems containing N/O, N/S, or N/P
donor sets. This trend is manifested in both improved opera-
tional stability and enhanced catalytic kinetics, suggesting that
polypyridyl coordination environments are particularly effective
in stabilizing catalytically relevant copper intermediates.

Importantly, catalytic activity and catalyst longevity do not
necessarily correlate. Several complexes display exceptionally
high TOF values (e.g:, Cu; and Cu,o-Cuyy) but suffer from
limited long-term stability, likely due to ligand degradation,
catalyst reconstruction, or metal deposition. In contrast, more
robust systems (Cue—Cug) often operate at lower rates while
maintaining catalytic activity over extended periods.

Finally, despite significant advances in ligand design,
stabilization of reduced copper intermediates remains a major
challenge. Many Cu(u) complexes generate Cu(i) species during
catalysis that can undergo disproportionation, further
reduction, or conversion into electrode-bound Cu/Cu,O depos-
its. These observations highlight the delicate balance between
catalyst activation and catalyst degradation and underscore the
importance of developing ligand architectures capable of sta-
bilizing reactive copper intermediates while suppressing path-
ways leading to catalyst decomposition.

Additionally, from an activation perspective, this catalyst
family largely follows the molecular activation pathway shown
in Fig. 10, though evidence for catalyst transformation has not
frequently been reported in several systems.

complexes

4.4. Copper macrocycles

The development of macrocyclic transition-metal complexes as
catalysts is strongly inspired by naturally occurring tetrapyrrolic
metalloproteins, which play essential roles in vital biological
processes such as electron transfer, redox catalysis, and small-
molecule activation.’**°” These bioinspired systems have
provided fundamental design principles that continue to
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influence the development of molecular catalysts for emer-
ging applications in electrocatalysis and energy conversion
technologies.

Porphyrinoids, a class of tetrapyrrolic macrocycles (Fig. 13),
are well-established and robust N,-donor ligands that effi-
ciently stabilize monometallic centers, giving rise to a wide
range of molecular complexes that exhibit high catalytic activ-
ity. Owing to their high denticity and pronounced macrocyclic
effect, metal porphyrins have long been recognized for their
exceptional stability and rich bioinspired reactivity, enabling
diverse chemical transformations.>*®>%°

Several well-established protocols exist for the synthesis of
porphyrins, with origins tracing back to the pioneering work of
Rothemund in the 1930s.2'° In this early method, pyrrole was
condensed with aromatic aldehydes in sealed tubes at elevated
temperatures. This approach was later refined by Adler-Longo
reactions in the 1960s,>'" in which propionic acid served both
as a high-boiling solvent and a catalyst, enabling the efficient
large-scale synthesis of meso-aryl-substituted porphyrins.
Further methodological advancements have since been reported,
including [2+2] condensation strategies involving the reaction of
1,9-diformyldipyrromethane with 1,9-unsubstituted dipyrro-
methane (Fig. 14).”"> These later approaches offer improved
regioselectivity and help to suppress pyrrole decomposition, a
common limitation associated with earlier one-pot synthetic
procedures.

The application of metal porphyrins as catalysts for the
hydrogen evolution reaction dates back to the 1990s. At that
time Savéant and co-workers demonstrated that Fe(0) porphyrins
function as effective electrocatalysts for hydrogen production.””
In contrast, the development of macrocyclic copper-based electro-
catalysts for HER has emerged only within the past decade. This
section surveys representative examples of copper macrocycles
that have been reported as HER catalysts.

I n/1$s0 ] I

Porphyrin Chlorin
N
| A
y N HN N\
N N
7 NH N=
— P
N
Corrole phthalocyanine

Fig. 13 Chemical structure of selected porphyrinoids, showing the two
distinct positions (B and meso) of the porphyrin framework.
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Fig. 14 Synthetic scheme for the preparation of meso-substituted por-
phyrins via condensation of aldehydes with either pyrrole to afford sym-
metric A, porphyrins, or with dipyrromethene to yield trans-A,B;
porphyrins.

Khusnutdinova et al. reported in 2018 a binuclear copper
molecular catalyst designed to probe the influence of metal-
metal cooperativity on electrocatalytic hydrogen evolution."””
Structurally, the complex consists of two copper centers
bridged by a fused porphyrins framework (Cuyg,, Fig. 15) that
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Fig. 15 Chemical structure of (a) binuclear Cuje, and (b) mononuclear
Cusep, (c) CVs recorded in a 0.1 M TBAPFg dichloromethane solution using
a 3 mm diameter glassy carbon electrode and a scan rate of 500 mV s~* of
binuclear Cuyg, (blue) and mononuclear Cusgp, (red) under (c) nonrotating
conditions (0.34 mM) and (d) rotating conditions (1000 pm, 0.1), (e) CV of
Cu,ep recorded in 0.1 M TBAPF¢ dichloromethane solution with 65 mM
TFA at 600 mV st with the potential recorded versus the equilibrium
potential of TFA/H, in dichloromethane, calculated using the open circuit
potential method. (f) Plot of i., versus the scan rate for 0.01 mM Cusea in a
0.1 M TBAPFg dichloromethane solution with 19.5 mM TFA. (g) Plot of icat/ip,
versus the square root of the concentration of TFA for 0.1 mM Cugep.
Adapted from ref. 179 with permission from American Chemical Society,'”
copyright 2018.
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enforces close metal-metal proximity while maintaining dis-
tinct coordination environments. This architecture is intended
to facilitate multi-electron/proton transfer processes and to
stabilize key hydride or protonated intermediates during cata-
lysis. The cyclic voltammograms of the fused binuclear copper
porphyrin (Cu,e,) display two successive reduction processes
that are attributed to sequential Cu™" and Cu"° redox couples,
which occur at E;, = —1.27 V and —1.53 V. Notably, the first of
Cu,6, is shifted anodically by approximately 570 mV relative
to the corresponding mononuclear copper porphyrin (Cuygp,
Fig. 15b), which is reduced at ca. —1.84 V (Fig. 15d). This
substantial potential shift reflects strong electronic communi-
cation within the fused porphyrin framework and underpins
the enhanced electrocatalytic hydrogen evolution activity observed
for the binuclear system. Electrocatalytic hydrogen evolution by
Cuy6, Was evaluated in dichloromethane using trifluoroacetic acid
(TFA) as the proton source. Under these conditions, the complex
exhibited catalytic wave at potentials negative of the second
reduction event. Kinetic data obtained using eqn (7) (Section 2)
showed that the scan rate independent catalytic current can be
observed beyond 600 mV s~ (Fig. 15f), which in turn allowed the
determination of a turnover frequency (TOF) of 2 x 10° s™" for
Cuy6,. Notably, while the electrochemical properties of mono-
nuclear analogues are discussed elsewhere in the study, no direct
controlled-potential electrolysis comparison between mono- and
binuclear copper complexes is reported. With respect to catalyst
integrity and homogeneity, the study primarily relies on carrying
the electrolysis in mercury pool with no noticed change in current
density. LSV of the rinsed electrode suggested the absence of active
catalysts deposited on the electrode. However, prolonged bulk
electrolysis experiments or glassy carbon electrode surface analysis
can further preclude any possible formation of catalytically active
copper deposits under strongly reducing conditions.

Peng et al. synthesized a series of Cu-porphyrin catalysts
featuring single and double B-lactone groups through con-
trolled B-oxidation of the porphyrin ring (Cu-Cuys4_q,
Fig. 16a)."%°

The double B-oxidation process resulted in B-lactone groups
in both cis and trans configurations, designated as Cujyc-q.
The cyclic voltammograms of compounds Cu-Cu,5,_q €xhibited
two reversible reduction waves (Fig. 16b). In comparison, the
reference compound Cu,;, demonstrated reductions at Ej,
values of —1.30 and —1.75 V vs. Fc, while the first and second
reductions of compound Cuy;, shifted to more positive
potential, resulting in E;/, values of —1.05 and —1.52 V, which
aligns with the effect of the B-lactone group as an electron-
withdrawing substituent, thereby making Cu,;, more suscep-
tible to reduction. The most significant anodic shift in
reduction was observed for compound Cuy,4, with E;/, values
of —0.78 and —1.29 V (Fig. 16b), confirming it as the most
electron-deficient structure within this series.

These complexes were evaluated for HER in acetonitrile
along with the reference complex Cu,5,, in presence of up to
70 mM trifluoroacetic acid (TFA) as the proton source (Fig. 16c-e).
The investigation provided insights into the electrocatalytic hydro-
gen evolution pathways, which were found to be influenced by the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 (a) Chemical structure of the Cu-porphyrins (Cujza_q) with
B-lactones substitutes, (b) CVs of 0.5 mM Cuj7,—q (c—€) CVs of 0.5 mM
Cus7,, Cus7p, and Cusy4 With increasing TFA, respectively, (f) proposed HER
pathways based on the electronic properties of the of the porphyrin
ligands. Conditions: 0. M Bu4NPFg acetonitrile, 100 mV s~* scan rate,
glassy carbon working electrode. Adapted from ref. 180 with permission
from Wiley-VCH,'8° copyright 2024.

electronic properties of the porphyrin framework. It was observed
that the B-lactone groups in Cu,,. 4 facilitated a more efficient
reduction compared to the Cu-porphyrin with a single lactone
group (Cu,,); however, the overpotentials for HER exhibited by all
four complexes, including the reference Cu,,, remained within a
similar range. The overall findings suggest that utilizing a more
electron-deficient macrocycle leads to a transition in the catalyti-
cally active species for HER from a formal Cu' species (Fig. 16f) in
Cu,, to a formal Cu® species in Cuy,q. This indicates that the
proton transfer step (PC) occurs on the mono-reduced copper
species (Cu', pathway A, Fig. 16f) in the former case, while it occurs
on the doubly-reduced species (Cu’, pathway B, Fig. 16f) in the
latter case. The activity of this series of catalysts was also confirmed
by 1-hour electrolysis experiment carried out at applied potential of
—1.35 V vs. Fc in acetonitrile with 0.1 M Bu,NPF; in the presence
of TFA (up to 70 mM), this resulted in H, production over one hour
with FE measured at 97%. The UV-vis spectra of Cuy,, 4 after
electrolysis were identical to those before electrolysis. The rinse
test of the glassy carbon electrode after electrolysis in TFA showed
no activity, suggesting the homogeneity of the catalytic system.
Overall, this study represents a distinctive modern example in
which tuning the ligand framework of a copper-based molecular
catalyst administers the HER mechanism. Highlighting the
potential of the copper-macrocyclic molecular catalysts to control
the activity and pathways for HER.

Using the same porphyrin scaffold, Li et al. (2024) demon-
strated that the presence of a trifluoromethyl substituent at the
meso position of the porphyrin-Cu HER catalyst, Cu,g (Fig. 17),
resulted in enhanced activity compared to its pentafluorophe-
nyl counterpart, Cu,7,.'®' When trifluoroacetic acid was utilized
as a proton source in acetonitrile, Cu,g exhibited an ic,/7, ratio
of 97, in contrast to just 53 for the pentafluorophenyl counter-
part (Cuy,). Furthermore, the Cu,g achieved a HER catalytic
activity overpotential that was 220 mV more positive than
that of the pentafluorophenyl Cu,;,, as determined from the
onset potential of both catalysts at a current density of
—0.30 mA cm 2. The turnover frequency (TOF) for the HER
with both catalysts was assessed using foot-of-the-wave analysis

© 2026 The Author(s). Published by the Royal Society of Chemistry
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CU19

Fig. 17 Chemical structures of meso substituted Cu-porphyrins (Cuyza—
Cugo).

(FOWA),**"3 yielding a TOF . of 6.8 x 10* s™* for Cuyg and
4.3 x 10* s" for Cuy,. Controlled potential electrolysis of Cuyg
conducted at —1.25 V in acetonitrile in the presence of TFA
demonstrated Faradaic efficiency exceeding 95%.

The molecular characteristics of the catalysts were validated
by demonstrating that catalytic activity is dependent upon the
concentration of the catalyst; specifically, the catalytic peak
current was directly proportional to the catalyst’s concen-
tration. Furthermore, the group indicated that the UV-vis
spectra of both catalysts after electrolysis exhibited minimal
alterations in comparison to their UV-vis spectra prior to electro-
lysis. Additionally, rinse test in which the glassy carbon working
electrode used in the electrolysis experiment of the catalyst is re-
tested in TFA fresh electrolyte in the absence of the catalyst showed
minimum activity under same applied conditions.

Similarly, a comparable finding was reported by the same
group a year prior.'®® This time the group reported the syn-
thesis and electrocatalytic performance of a novel copper
porphyrin complex bearing meso-(o-carborane) substituents
(Cuyg, Fig. 17). The incorporation of o-carborane groups into
the porphyrin framework was hypothesized to enhance
electron-transfer properties and stabilize reactive intermediates
during the hydrogen evolution reaction (HER).

Electrochemical characterization in acetonitrile in the pre-
sence of trifluoroacetic (TFA) demonstrated that the o-carborane-
substituted copper porphyrin (Cuye) exhibits significantly
improved HER performance compared to the pentafluoro-
phenyl substituted catalyst (Cuy,), as inferred from the CV of
both catalysts, where the onset potential was determined by the
authors to be —1.07 and —1.26 V for Cuye and Cuy, respec-
tively. Notably, Cu,o showed a positive shift of approximately
190 mvV in the catalytic wave, indicating a lower overpotential
for hydrogen evolution. CPE performed in acetonitrile contain-
ing 100 mM TFA at a glassy carbon electrode (1 cm®) demon-
strated that Cuye catalyzes hydrogen evolution at an applied
potential of —1.20 V. In comparison, Cu,, generates a

EES Catal., 2026, 4,1036-1077 | 1055



EES Catalysis

comparable amount of hydrogen with a similar Faradaic effi-
ciency (x95%), albeit requiring a more negative applied
potential of —1.40 V. Additionally, higher current densities
were observed at comparable potentials in aqueous solution,
consistent with enhanced catalytic efficiency. Furthermore,
Cuyo also outperformed the catalytic performance of the
tetrakis(pentafluorophenyl)porphyrin (Cu,,, Fig. 17) and sur-
passing many Cu-porphyrin-based catalysts. The results suggest
that the electron-withdrawing nature of the meso-o-carborane
substituents plays a critical role in facilitating proton reduction
by modulating the electronic environment of the copper center
and shifting the catalytic potential needed for catalysis to more
positive values. These findings underscore the utility of mole-
cular functionalization in tuning electrocatalytic activity of
copper-based HER catalysts.

Zhang et al. reported a systematic investigation of through-
space electrostatic effects on the electrocatalytic HER using a
series of structurally well-defined copper porphyrins bearing
charged pyridinium substituents (Fig. 18, Cuyya_q)."** By vary-
ing both the number and spatial proximity of positively charged
N-methylpyridyl groups relative to the Cu center, the authors
established a clear structure-activity relationship governing
HER performance. Electrochemical studies carried out in apro-
tic organic media (acetonitrile, DMF, and THF) using TFA as a
proton source revealed that increasing the number of cationic
substituents, particularly those positioned closer to the Cu ion,
led to a pronounced decrease in catalytic activity as reflected
by icat/ip values, which decreased from 38 for a neutral Cu

Cuzic

Cupiqg
Fig. 18

Review

porphyrin (Cu,-,) to 15 for a tetracationic analogue (Cuy,4) with
proximal charged groups (Fig. 18). Notably, this activity sup-
pression occurred despite positive shifts in the reduction
potentials, indicating that diminished HER performance was
not governed by thermodynamics alone. The disfavored activity
effect was attributed to unfavorable electrostatic interactions
between positively charged substituents and key proton-
coupled electron transfer intermediates, effectively destabiliz-
ing proton binding and increasing the kinetic barrier for
hydrogen formation. To validate this hypothesis, the authors
synthesized a Cu porphyrin bearing sulfonate groups. This
catalyst exhibited enhanced HER activity relative to all cationic
analogues, indicting that negatively charged second-sphere
functionalities can promote HER by facilitating proton delivery
and stabilizing reactive intermediates. Importantly, all Cu
porphyrins demonstrated high Faradaic efficiencies (>90%)
and excellent molecular stability under 1h electrolysis, suggest-
ing their robustness as homogeneous HER catalysts. The
authors demonstrated that post-electrolysis UV-vis spectra of
the catalyst solutions were essentially unchanged compared to
pre-electrolysis spectra, suggesting the molecular integrity of
the Cu porphyrins was preserved. This study therefor provides a
compelling example that local electrostatic environments, inde-
pendent of the primary coordination sphere, play a decisive role
in governing HER activity in copper-based molecular systems,
which underscores the importance of second-sphere and
through-space electrostatic engineering in the rational design
of copper HER catalysts.
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(a) Chemical structures of copper porphyrins with N-methylpyridyl groups (Cuz1a—q) along with the neutral reference catalyst (Cus7,) studied by

Zhang et al. for HER, (b) CVs of Cuzi, (b), Cuzgp (C), Cuzgc (d), and Cuzig (e) in acetonitrile of 0.50 mM with increasing TFA (pink) 20 equiv. (red) 40 equiv.
and (blue) 60 equiv. Conditions: 0.1 M nBusNPFs, GC electrode, 100 mV s~* scan rate, 20 °C. (f) icat/ip plot of the catalysts. Adapted from ref. 183 with

permission from Wiley-VCH,*8 copyright 2022.
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In 2023, Chandra et al. described a triply fused bimetallic
copper(u) porphyrin complex (Cu,,, Fig. 19) as a an active
molecular electrocatalyst for the HER.'®* Cyclic voltammetry
of the dinuclear complex Cu,, shows multiple redox processes
within the potential window of —0.35 to —2.35 V, displaying
three reversible waves at E;,, = —0.86, —1.16, and —2.06 V vs.
Fc/F¢™ (Fig. 19¢). In contrast, the monomeric complex Cuys
exhibited only two reduction processes at —1.66 and —2.12 V
under identical conditions. Notably, the first reduction of Cu,;
is shifted cathodically by 802 and 302 mV, relative to those of
Cuy,,.

Compared to a monomeric copper porphyrin analogue Cu,3,
the fused system exhibited an enhanced catalytic performance,
attributed to extended n-electron delocalization across the
fused porphyrin framework. Notably, despite the very low
catalyst’s concentration employed, under identical conditions
(0.01 mM catalyst, 15 mM acid), complex Cu,, exhibited an
irreversible catalytic wave with a substantial cathodic shift
(~600 mV) (Fig. 19d) in the onset potential relative to Cu,s,
indicating the superior activity of Cu,z. Further Electrochemical
studies showed that the fused complex (Cu,,) underwent
reduction at less negative potentials, resulting in a ~320 mV
lower overpotential for HER. CPE experiment in DMF using
100 mM TFA as a proton source with an applied potential of

EES Catalysis

-1.05 V vs. Fe/Fc¢' using only 0.06 mM of Cu,, or 0.12 mM of
Cu,; for 30 minutes confirms efficient hydrogen production,
with Faradaic efficiency of ~97% and a turnover number
of 102, markedly outperforming the monomeric analogue
(Cuys, FE: 71%, TON: 18). Kinetic analysis reveals an exception-
ally high observed rate constant (kops ~ 0.5 x 10” s~ '), among
the highest reported for first-row transition-metal molecular
HER catalysts. Additionally, mechanistic evidence suggests that
two-electron reduction to a doubly reduced species is required
prior to proton reduction. Although the authors present several
control experiments to support homogeneous catalysis, most
notably rinse tests after electrolysis, and post-electrolysis spec-
troscopic EDX analyses, these assessments are largely confined
to short-duration (30 min) controlled potential electrolysis.
While such tests effectively exclude rapidly formed electrode-
bound species, metal nanoparticle deposition, and significant
catalyst decomposition, they do not fully rule out slow catalyst
degradation, gradual metal leaching, or delayed nanoparticle
formation under prolonged electrolysis.

Most recently, in 2025 Jiang et al. reported the synthesis and
electrocatalytic evaluation of a series of wave-shaped mono-,
di-, and trinuclear Cu(u) porphyrin “arrays” (Cuy4a, Fig. 20) as
HER catalysts under alkaline conditions.'®® The tricpopper
porphyrin array feature a non-planar, curved architecture that
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Fig. 19

(a) Chemical structure and (b) Ball-stick model crystal structure of porphyrin-fused copper catalyst Cu,, and its mono-copper analogue Cuzz

studied for HER by Chandra et al., (c) CVs of 0.25 mM fused metalloporphyrin Cup, (blue) and monomeric analogue Cu,z (red) in DMF, (d) LSV at
100 mV s~ scan rate in presence of 100 mM TFA indicating proton reduction activity and (e) Faradaic efficiency of DMF solution (0.06 mM Cuy,, black)
and (0.12 mM Cugs, red) with nBu4PFg (0.1 M) in the presence of 100 mM of TFA at applied potential of —1.05 V vs. Fc. Reproduced from ref. 184 with
permission from Wiley-VCH,'8* copyright 2022.
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Fig. 20 Chemical structure of trinuclear Cu(i)-porphyrin array complexes
(Cuzga—c).

enables electronic communication between adjacent Cu centers
and promotes charge delocalization across the m-conjugated
framework. However, this array architecture exhibited limited
solubility in common electrochemical solvents. To enable
electrocatalytic testing, the Cu porphyrin arrays were immobi-
lized onto carbon nanotubes (CNTs), forming hybrid hetero-
geneous catalysts.

Electrochemical HER studies were conducted in 1.0 M KOH
using a standard three-electrode configuration. Among the
catalysts examined, the trinuclear system (Cuy,,.) exhibited the
highest HER activity, achieving a current density of 10 mA cm >

Review

at an overpotential that was 137 mV and 95 mV lower than
those required for the mononuclear and dinuclear analogues,
respectively.

Although absolute overpotential values were not clearly
tabulated, the systematic activity enhancement extracted form
LSV data correlates with increasing nuclearity of the Cu centers.
Tafel slope analysis revealed relatively sluggish kinetics for
most catalysts, with values as high as 301 mV dec™", suggesting
that the HER proceeds via a kinetically limited Volmer step
under alkaline conditions. Cu,,. exhibited the smallest Tafel
slope (265 mV dec™ '), indicating its fastest HER Kkinetics.
Electrochemical impedance spectroscopy further showed also
that Cu,,. possesses the lowest charge-transfer resistance,
indicative of more efficient interfacial electron transport.
Although the study provides a thorough account of the synth-
esis and characterization of these novel arrays, key catalytic
performance metrics, including turnover number (TON), turn-
over frequency (TOF), and the applied potential under electro-
catalytic conditions remain hardly defined.

Lei et al. reported the first series of copper macrocyclic
electrocatalysts for the hydrogen evolution reaction (HER)
based on corrole ligands (Cu,s,~Cuysq, Fig. 21),'® featuring
systematic variation of substituents at the meso positions of the
corrole framework. Cyclic voltammetry in acetonitrile revealed
two quasi-reversible reduction processes for all complexes,
with the first reduction likely to be Cu-centered redox event,
and half-wave potentials at approximately E;, = —0.12 V and
—1.42 V versus Fc¢'/Fe. Upon addition of trifluoroacetic acid
(TFA), a pronounced catalytic wave associated with proton
reduction emerged, with an onset potential near —0.95 V.
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(a) Chemical structure of Cu(i)-corrole complexes (Cuzsa—g), (b) CVs in acetonitrile solution of Cuzs, (0.30 mM), Cuasp, (1 mM), Cuase (0.13 mM),

Cuasq (0.75 mM), measurements were performed using 0.1 M (nBusN)PFg electrolyte with a scan rate of 100 mV s™* on a glassy carbon electrode. (c)
successive CVs of the active catalyst (Cuzs,, 0.30 mM) in acetonitrile with increasing concentrations of TFA followed by addition of small aliquots of
water. Adapted from ref. 186 with permission from American Chemical Society,'®® copyright 2022.
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The catalytic current reached a maximum at —1.65 V, while the
half-wave catalytic potential (E..,) was observed at —1.35 V.
Based on this value, the overpotential for HER mediated by
Cu,;, was estimated to be approximately 450 mV.

Control experiments carried by the authors using free Cu(u)
ions resulted in copper film deposition on the electrode surface
and electrochemical behavior markedly different from that of
Cuys,, highlighting the molecular nature of the corrole-based
catalyst. Comparative studies within the series revealed distinct
structure-performance relationships. Although Cu,s;, exhibited
reduction potentials similar to Cu,s,, it underwent rapid degra-
dation under acidic conditions, consistent with known oxida-
tive dimerization pathways of related corrole systems and the
influence of axial ligation. Cu,;. displayed diminished catalytic
activity, primarily attributed to its lower solubility and reduced
catalytic current. In contrast, Cu,sq, bearing electron-donating
methoxy substituents, was inactive toward proton reduction, as
generation of the catalytically active species required access to a
much more negative potential (—2.14 V). Among the series,
Cu,s, demonstrated superior stability and activity. In the
presence of 2.24 M water, Cu,s, achieved an exceptionally high
catalytic-to-peak current ratio (i¢at/ip) of 303 at an overpotential
of 950 mV, recorded at a scan rate of 100 mV s '. CPE
performed at —1.50 V for 2 h in acetonitrile containing
150 mM TFA resulted in sustained hydrogen evolution, afford-
ing a turnover number (TON) of 23 with a faradaic efficiency
reaching 99%.

The molecular integrity and stability of Cu,s, during cata-
lysis were confirmed through comprehensive post-electrolysis
analyses. UV-visible and NMR spectroscopy conducted before
and after CPE showed minimal changes, with more than 95%
of the catalyst recovered following electrolysis. No significant
loss of absorbance was observed in the UV-visible spectra after
2 h CPE. Furthermore, SEM and EDX were used by the group to
examine the CPE glassy carbon working electrode and revealed
no evidence of copper deposition. Collectively, these findings
conclusively demonstrate that Cu,s, operates as a stable,
homogeneous molecular electrocatalyst for hydrogen evolution.

Brooker and co-workers have systematically expanded what
was a relatively small pool of known molecular copper catalysts
at that time through the development of complexes (Cus-Cu,g,
Fig. 22)."°%"87:21% 1n their 2021 study, the group synthesized
and characterized three copper(u) complexes supported by
multidentate N, and Ns-donor macrocyclic and acyclic ligands
that enforce distinct coordination geometries: square-planar
(Cuye), square-pyramidal (Cu,;), and acyclic trigonal-
bipyramidal (Cuyg).

The N-macrocyclic ligand was synthesized via a Schiff base
condensation between 2,2’-iminobisbenzaldehyde (dpa) and
diethylenetriamine, following established literature procedures
(Fig. 22).>"® The resulting macrocycle was subsequently trans-
formed into the corresponding Ns-donor analogue through
N-alkylation with 2-(bromomethyl)pyridine in dry THF at room
temperature, using excess triethylamine (TEA) as base. The
second Njs acyclic ligand required for Cu,g was prepared directly
by condensation of the dpa dialdehyde with 2-aminoethylpyridine
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Fig. 22 Chemical structures of N4 macrocycle and Ns macrocyclic and
noncyclic Cuye—Cupg studied as catalysts/pre-catalysts for HER by
Brooker group.

in a 1:2 ratio under reflux in acetonitrile, affording the product in
quantitative yield. The corresponding Cu(u) complexes ware then
readily obtained at room temperature via a 1:1:1 reaction of the
ligand, triethylamine (TEA), and Cu(BF,),-H,O.

All three complexes exhibit reversible Cu™™" redox couples in
dry acetonitrile with E;, (vs. AgNO;/Ag) = —1.39 V for the cyclic
complexes Cuys & Cu,; but —0.89 V for Cu,g with diffusion-
controlled behavior evident from linear current vs. the square
root of scan rate plots. Photocatalytic HER tests using a
[Ru(bpy);]** photosensitizer and triethanol amine (TEOA) sacri-
ficial donor in DMF using blue LED (455 nm) produced modest
turnover numbers (TON = 460-620), but control experiments
revealed that simple copper salts and blanks often exhibited
comparable or higher activity, underscoring the necessity of
rigorous control tests and caution in interpreting apparent
molecular photocatalysis. Consequently, attention shifted to
electrocatalytic HER testing in MeCN with acetic acid (80 mM)
as the proton source. Under steady-state conditions at —1.6 V
vs. AgNO;/Ag, the porphyrin like square-planar complex Cu,g
displayed sustained catalytic activity (TON ~ 12.5 over 6 h),
whereas complexes Cu,; and Cu,g showed much lower activity,
highlighting the influence of coordination geometry on electro-
catalytic performance. Rinse-and-repeat and mercury drop tests
were consistent with homogeneous catalysis for Cu,e, though
small stripping waves suggest that the possibility of metastable
heterogeneous species cannot be fully excluded.

Building on this, more recent work of the group in 2024
demonstrated that the square-planar Cu,s forms a catalyti-
cally active heterogeneous deposit under strictly aqueous
conditions.'®® During controlled potential electrolysis (CPE)
in pH 7 phosphate buffer at —1.10 V vs. Ag/AgCl, the complex
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undergoes in situ transformation to a copper/oxygen-containing
deposit (likely copper and Cu,O) on a glassy carbon electrode.
Characterization by EDX, PXRD, and SEM confirms that the
deposit’s composition and morphology differ from simple cop-
per salt controls, and this heterogeneous phase exhibits robust
and long-lived HER activity, with a TON of 2628 after 2.6 days,
with FE = 93%. Interestingly and somewhat surprisingly, the
rinse test performed on the working electrode revealed sustained
activity even in the absence of dissolved catalyst in the solution
(See Section 3, Fig. 7). This delivered a clear message to the
authors, which was further supported by additional analysis,
that the observed activity arises from heterogeneous species
deposited on the electrode rather than solely from the homo-
geneous catalyst. The results highlight the dual role of the
precursor complex: as an easily reducible molecular species
under non-aqueous conditions, and as a precursor to a hetero-
geneous copper-based HER catalyst when operated in water.
Collectively, these studies illustrate the transition from discrete
molecular copper HER catalysts to heterogeneous active phases
depending on the operational electrocatalytic conditions,
emphasizing that molecular design can influence both intrinsic
catalytic properties and the nature of in situ formed active
species.

4.4.1. Design lessons from copper-macrocycles systems.
Despite the relatively small number of reported copper macro-
cyclic HER catalysts compared with their Fe, Co, and Ni
counterparts and beyond comparing individual catalytic per-
formances, the macrocyclic systems discussed above provide
several valuable emerging lessons for the rational design of
future molecular copper HER catalysts. First, the rigid macro-
cyclic framework provides a robust platform capable of stabiliz-
ing multiple copper oxidation states and accommodating
the geometric changes associated with Cu(u)/Cu(1)/Cu(0) redox
processes. This feature is exemplified by porphyrin and corrole
systems such as Cuy; and Cu,s, which generally exhibit high
Faradaic efficiencies (>95%) and retain their molecular integ-
rity during electrolysis as confirmed by UV-vis, rinse-test, and
post-electrolysis surface analyses.

Second, subtle electronic modifications of the macrocyclic
framework can profoundly influence catalytic activity and even
alter the HER mechanism. For example, B-lactone functionali-
zation in the porphyrin series Cuy7,.q progressively shifted
reduction potentials to more positive values and switched the
catalytically active intermediate from a formal Cu(i) species to a
Cu(0) species, demonstrating that ligand electronics can
directly control the catalytic pathway. Likewise, meso-substitution
of porphyrins resulted in substantial activity enhancement, with
Cuyg achieving a TOF of 6.8 x 10" s~ ! compared with 4.3 x 10* s™*
for the related Cu,, catalyst while maintaining Faradaic efficien-
cies above 95%.

Third, several studies demonstrate the beneficial role of
electronic communication between multiple copper centers.
The fused bimetallic porphyrin Cu,e, and Cu,, displayed an
exceptionally high TOF of 2 x 10° s and 5 x 10° s™, among
the highest reported values for molecular copper HER catalysts,
highlighting the advantages of metal-metal cooperativity and
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charge delocalization within conjugated macrocyclic frame-
works. Similarly, increasing the nuclearity of wave-shaped
copper porphyrin arrays from mono- to trinuclear architectures
(Cupga—Cuyy.) systematically improved HER activity and lowered
the overpotential required to achieve 10 mA cm™? current
density.

Fourth, the studies reveal that second-sphere effects can be
as important as primary coordination-sphere modifications.
Electrostatic engineering around copper porphyrins showed
that negatively charged peripheral groups enhance HER activity
as manifested in the series of the copper catalysts (Cuy,_4q),
whereas proximal cationic substituents suppress catalysis
despite favorable redox potentials. These observations emphasize
the importance of controlling proton delivery and intermediate
stabilization through the local electrostatic environment.

Finally, macrocyclic systems provide valuable insight into
the delicate balance between homogeneous catalysis and
catalyst reconstruction. While corrole Cu,s, represents one of
the most convincing examples of a stable homogeneous copper
HER catalyst, exhibiting sustained electrolysis with FE = 99%
and no detectable copper deposition, the Cu,e system illus-
trates how a molecular catalyst can act as a precursor to a highly
active heterogeneous Cu/Cu,O phase under aqueous condi-
tions, ultimately reaching TON values as high as 2628 after
2.6 days of electrolysis. These contrasting cases underscore the
necessity of rigorous homogeneity testing and highlight that
catalyst stability remains one of the foremost challenges in the
development of molecular copper HER systems.

4.5. Photocatalytic HER copper-based systems

Photocatalytic hydrogen generation driven by light represents a
fundamental step toward solar fuel production. Despite recent
advances in molecular catalysts operating under photocatalytic
HE conditions,>®*%19%:2167223 examples based on copper remain
relatively scarce. This section highlights and discusses repre-
sentative recent work in copper-based photocatalytic hydrogen
evolution systems. In addition to Cu,s—Cu,g catalysts studied
under photocatalytic conditions (see previous section), Yuan et al.
reported in 2024 a series of square planar Cu(u)—anthraquinone
molecular photocatalysts (Cuyg—Cugy, Fig. 23) for hydrogen
production.””* The complexes were all active for photocatalytic
hydrogen production without the use of additional catalyst or
photosensitizer in 4:1 DMF/H,0O mixture with 2,3-dihydro-1,3-
dimethyl-2-phenylbenzimidazole (BIH) as the sacrificial electron
donor (SED) and irradiation with blue LED at Ay, of 450 nm
(100 mW cm2). Cyclic voltammetry data also confirmed the
electrocatalytic features of these catalysts in DMF in the presence
of acetic acid as the proton source.

Under photocatalytic conditions the three complexes exhib-
ited similar TOF ., of 11.7-13.5 h™" Cuz; demonstrated the
shortest stability, scoring an overall turnover number (TON) of
2240, whereas Cu, exhibited enhanced longevity, achieving a
TON of 3738. In contrast, Cu,e showed significantly superior
long-term activity, sustaining consistent performance for over
20 days and reaching a TON of 6820 during this interval. The
quantum yields for these systems were associated with the
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Fig. 23 Chemical structures of the Cu-complexes (Cu9—Cus4) used for photocatalytic HER.

observed activity, measured at 1.4 x 10~ * for Cupg, 7.1 x 107>
for Cuge, and 2.2 x 10~* for Cuy, at a wavelength of 450 nm.
Dynamic light scattering (DLS) analysis conducted before and
after irradiation of the system indicated the absence of nano-
particle formation and confirmed the homogeneity of the
catalytic system. Additionally, a photolysis study conducted
on the catalytic system over a 24-hour period in air revealed a
70% recovery of the Cu complex, as confirmed by UV-visible
analysis.

Botcha et al. reported the synthesis and characterization
of three water soluble copper complexes (Cuz,—Cusz4, Fig. 23)
featuring diamine-dipyridine tetradentate ligands (N,-Py,) and
evaluated their ability to mediate proton reduction under
photocatalytic conditions.'”® The experiments were conducted
in aqueous solution using mercaptopropionic acid-CdTe quan-
tum dots (MPA-CdTe-QDs) as a photosensitizer due their super-
ior photophysical properties. The authors employed quantum
dots exclusively in photoluminescence quenching experiments
to probe photoinduced electron-transfer capabilities of the Cu
complexes. Photoluminescence studies of MPA-CdTe quantum
dots in the presence of copper complexes revealed limited
potential for photoinduced electron transfer (PET). Cuz, 33
showed only minor quenching effects, attributed to static
quenching or energy transfer rather than productive PET, while
modification to a more rigid ligand framework Cus; altered QD
lifetimes but could not be conclusively quantified neither
completely confirmed due to lack of ultrafast lifetime measure-
ments. Overall, MPA-CdTe QDs were found to be unsuitable
photosensitizers for these Cu complexes, highlighting that
energetic alignment alone is insufficient to guarantee effective
PET in Cu-QD systems.

4.5.1. Design lessons from photocatalytic copper HER sys-
tems. Although molecular copper photocatalysts for hydrogen
evolution remain comparatively underdeveloped, the examples
discussed above reveal several important design principles.
First, ligand-centered photoactivity can be exploited to con-
struct catalyst-only systems that operate without the need for
an additional photosensitizer. The anthraquinone-containing
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complexes Cu,g—-Cuz; demonstrate this concept effectively,
achieving photocatalytic hydrogen production under visible-
light irradiation using only a sacrificial electron donor. Among
these systems, catalyst longevity rather than intrinsic activity
proved to be the primary differentiating factor, as all three
complexes exhibited comparable TOF values (11.7-13.5 h™),
while their TONs varied substantially from 2240 (Cus;) to
6820 (Cuyg). This observation highlights the importance of
catalyst stability as a key determinant of long-term photocata-
Iytic performance.

Second, the study of Cu,e—Cug;, illustrates that subtle ligand
modifications can have a profound impact on catalyst durability.
Despite exhibiting similar initial activities, Cu,y maintained
hydrogen production for more than 20 days, significantly out-
performing its analogues. Furthermore, DLS measurements and
UV-vis analyses provided no evidence for nanoparticle formation,
suggesting that the observed activity originated from a genuinely
homogeneous molecular system. These results emphasize the
value of incorporating structural motifs capable of stabilizing
reduced copper intermediates while suppressing catalyst decom-
position pathways.

A further lesson arises from the Cu;,-Cuy, systems, where
photocatalytic performance was found to depend strongly on
the compatibility between the copper catalyst and the photo-
sensitizer. Although the redox potentials suggested favorable
electron-transfer thermodynamics, photoluminescence studies
revealed inefficient photoinduced electron transfer between the
copper complexes and MPA-CdTe quantum dots. This finding
demonstrates that energetic alignment alone is insufficient to
ensure efficient photocatalysis and highlights the importance
of optimizing electronic coupling, excited-state lifetimes, and
interfacial charge transfer kinetics when designing photocata-
Iytic assemblies.

Generally, these studies suggest that future advances in
molecular copper photocatalysis will likely require the integra-
tion of three key features: robust ligand frameworks capable of
stabilizing catalytically relevant copper species, efficient photo-
sensitizer-catalyst communication pathways, and suppression
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of decomposition processes that limit long-term operation.
Such developments could enable molecular copper systems to
emerge as attractive and earth-abundant alternatives for solar-
driven hydrogen production.

5. Challenges and emerging
opportunities in copper HER catalysts

Despite significant advances, molecular catalysts for the hydro-
gen evolution reaction (HER), particularly those based on
copper, face several intrinsic challenges that limit their prac-
tical implementation.

As previously mentioned, early studies on copper-based HER
catalysts largely relied on conventional polydentate ligands
commonly used for other transition metals. However, the
geometrical constrains often associated with copper redox-
state changes encouraged the development of macrocyclic
frameworks and bis-chelating ligands with pendant function-
alities, anticipating improved adaptivity to geometric changes
while improving catalyst stability. Fig. 24 presents a timeline of
milestone copper catalysts developed over the last ten years,
highlighting their characteristic structural motifs together with
the corresponding benchmarking metrics for each system.

The studies discussed throughout this review collectively
demonstrate that significant progress has been made in the
development of molecular copper catalysts for hydrogen evolu-
tion. Despite the structural diversity of the reported systems,
several common design principles have emerged, including
the importance of ligand rigidity, multidentate coordination
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environments, electronic tuning, and strategies aimed at stabi-
lizing catalytically relevant Cu(r) intermediates. These advances
have improved catalytic activity, selectivity, and operational
stability, while also providing valuable insights into the factors
governing catalyst performance. Fig. 25 summarizes the key
design principles that have emerged from molecular copper
HER research, together with the major challenges that continue
to limit further progress. These include important questions
that remain regarding pre-catalyst activation, identification of
the true active species, catalyst reconstruction/transformation
under operating conditions, benchmarking standardization,
and long-term durability. Addressing these challenges will be
essential for translating molecular copper catalysts into practi-
cally relevant hydrogen-production systems.

A take-home message is that beyond the development of
increasingly active catalysts, future progress in molecular cop-
per HER catalysis will vitally require advances in four inter-
connected frontiers: (i) enhancement of catalyst stability and
molecular integrity under operating conditions, (ii) widespread
implementation of operando characterization methods to iden-
tify active species and catalyst transformation pathways, (iii)
establishment of standardized benchmarking protocols to
enable meaningful comparison between studies, and (iv) inte-
gration of computational and data-driven approaches for pre-
dictive catalyst design. These priorities are summarized in
Fig. 25 and discussed in the following subsections.

5.1. Molecular integrity and enhanced stability

The possibility that the observed HER activity originates from
in situ generated copper-containing species rather than the

: Cuy;, 1 Cu
TOF 4.3x 10%s? Jj ION 2628
| (MeCN/TFA) 1 (H,0,pH7)
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Fig. 24 Timeline highlighting the milestone structural motifs of copper-based catalysts/pre-catalysts for the hydrogen evolution reaction developed

over the last decade.
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initially designed molecular catalyst presents both a challenge
and an opportunity for the molecular catalysis community.
On one hand, the formation of nanoparticles, nanoclusters,
or copper oxide species complicates the interpretation of
structure-activity relationships and can obscure the true role
of ligand design in governing catalytic performance. On the
other hand, these observations provide valuable insight into
catalyst activation processes and the dynamic nature of copper-
based catalytic systems under operating conditions. Indeed,
understanding when, how, and why molecular copper com-
plexes retain their molecular identity or evolve into heteroge-
neous species was one of the primary motivations for
undertaking this review. By critically examining catalyst activa-
tion pathways, catalyst integrity, and homogeneity diagnostics
alongside catalytic performance, we aim to provide a more
comprehensive framework for evaluating molecular copper HER
systems and guiding the rational design of future catalysts.

A major challenge for molecular copper catalysts is their
limited stability under operating conditions, where ligand
degradation, demetallation, and irreversible reduction can
occur, particularly at the negative potentials typically required
for catalysis. These processes often lead to the formation of
Cu(0), followed by aggregation or electrodeposition, and are
further exacerbated in aqueous or acidic environments. Addres-
sing these limitations requires rational molecular design stra-
tegies aimed at enhancing catalyst robustness. In this context,
modification strategies already employed in other transition
metal molecular catalyst such as but not limited to the incor-
poration of rigid, multidentate ligand frameworks, which can
strengthen metal coordination and suppress structural degra-
dation, while redox-active (non-innocent) ligands and metal-
ligand cooperativity can help distribute the redox burden and
reduce the likelihood of over-reduction.”” The introduction
of second-sphere functionalities, such as pendant proton relays
or hydrogen-bonding groups, can facilitate proton-coupled
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electron transfer (PCET) and lower overpotentials, thereby
minimizing catalyst stress. Additionally, steric protection
around the metal center may inhibit bimolecular decomposi-
tion pathways and aggregation.>*®>3°

A rational strategy to enhance the stability, and conse-
quently the catalytic performance, of molecular copper catalysts
for HER is to increase ligand hydrophobicity around the metal
center, a strategy that is well used in CO, reduction catalysis,
yet not in HER.>*'**® Introducing hydrophobic substituents
(Fig. 26a) at the ligand periphery can limit excessive water
access to the active site, which is often implicated in the
formation of copper oxides or hydroxides that may lead to
catalyst deactivation or the generation of heterogeneous spe-
cies. In this context, it would be particularly interesting to apply
such a strategy to copper corrole systems (Fig. 26a), where the
meso and/or B-positions could be functionalized with long alkyl
or perfluorinated chains to create a protective hydrophobic
environment.

Corrole scaffolds, explored for copper-based HER in 2015,
represent promising platforms due to their N, macrocyclic
framework. This ligand system can accommodate geometric
changes associated with Cu(u)/Cu(1) redox cycling, while also

186
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Fig. 26 Engineering approaches for enhanced HER performance: (a) surface
modification with hydrophobic chains, (b) confined catalysis within micelle
structures, (c) immobilization onto conductive CNT supports, and (d) hybri-
dization with porous frameworks (COF/MOF).
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exhibiting redox non-innocent behavior that enables electron
storage and distribution during catalysis. Incorporating hydro-
phobic modifications into such systems may further enable
operation in confined or nonpolar environments, such as
micelles or liposome-like assemblies (Fig. 26b), which have
already shown promise in other catalytic transformations,
including CO, reduction.?*"?3%23*

In addition to hydrophobic tuning, the introduction of
electron-withdrawing substituents on the ligand framework
represents another effective strategy to enhance catalytic per-
formance. For example, copper corrole complexes bearing nitro
substituents on meso-phenyl groups (Cu,s,) have demonstrated
superior activity compared to their electron-donating analo-
gues. A combined approach integrating hydrophobic shielding
with electronic modulation is therefore anticipated to provide a
powerful design strategy for developing next-generation mole-
cular copper catalysts for hydrogen evolution.

Another important approach is catalyst immobilization or
surface anchoring ideally onto conductive supports, such as
carbon nanotubes, graphene, metal oxides, or electrodes mod-
ified with anchoring groups (Fig. 26¢).>**>*® Immobilization
can enhance catalyst lifetime, suppress decomposition and
diffusion away from the electrode, and improve charge-transfer
efficiency while retaining molecular-level control of the active site.
The effectiveness of this strategy has recently been demonstrated
in photocatalytic H, production using amine-functionalized
CdS surfaces, suggesting its broader applicability to the design
of next-generation molecular HER catalysts.>* Effective strat-
egy also involves integration into hybrid molecular-material
architectures (Fig. 26d), including confinement within metal-
organic frameworks (MOFs),**°?** covalent organic frame-
works (COFs),2'%?*%3 or polymer matrices.**®**” Recent studies
on molecular HER catalysts have further highlighted the impor-
tance of secondary coordination sphere engineering, catalyst
stability, and active-species identification as key determinants
of catalytic performance.>*® Additionally, nanomaterials can
serve as active surfaces for molecular catalysts, potentially
resulting in hybrid materials that exhibit enhanced stability
and activity. For instance, carbon nanotubes (CNTs) have
recently been extensively utilized as supports for water
reduction and oxidation catalysts.>*>**° Other supports, such
as carbon nitrides, metal oxides and iron sulfides, are also
recognized for their efficiency not only for HER but in overall
water splitting as well.>>*>** These environments can protect
molecular catalysts from degradation, enforce site isolation,
and create local proton or electron transport pathways that
enhance HER kinetics. Such confinement also helps bridge
the gap between homogeneous molecular catalysis and het-
erogeneous electrode operation. Electronic tuning through
ligand substitution represents a further route to improving
HER performance. By modulating ligand donor strength,
conjugation, or redox activity, the redox potentials, hydricity,
and proton affinity of the metal center can be finely adjusted
to lower overpotentials and accelerate proton-coupled electron
transfer steps.”>*>** Closely related is the use of redox-active
(non-innocent) ligands, which can serve as electron reservoirs
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and reduce the redox burden on the metal center, thereby
stabilizing reactive intermediates.>*®

A further rational design strategy involves incorporating a
second metal center such as Ni, Fe, or Co adjacent to the copper
active site, inspired by the bimetallic architecture of hydroge-
nase cofactors (Fig. 27). Such an approach could introduce
synergistic effects that enhance catalytic activity and facili-
tate multi-electron/proton transfer processes. Although the
synthesis of heterobimetallic systems presents significant chal-
lenges, the potential benefits in terms of reactivity and stability
make this a compelling direction for future research.

In parallel, the incorporation of pendant Lewis basic groups,
such as primary or secondary amines, can serve as proton
relays, mimicking the secondary coordination sphere of hydro-
genases (Fig. 26). These functionalities can promote efficient
proton-coupled electron transfer (PCET) and improve both
catalytic efficiency and durability. Additionally, the use of
strong c-donating co-ligands, such as carbonyl (CO) or cyanide
(CN7), may help stabilize low-valent copper intermediates,
provided that sufficient coordination flexibility is retained.
Maintaining a labile coordination site—through weakly bound
ligands such as H,O, MeCN, or halides can further facilitate
substrate binding and turnover following initial reduction steps.

Collectively, integrating bimetallic design, second-sphere
proton relays, and electronic tuning through strong donor
ligands represents a promising strategy for developing
more efficient and robust copper-based catalysts for hydrogen
evolution.

Finally, reaction-environment engineering including solvent
selection, buffer identity, proton donor strength, and electro-
lyte composition plays a critical yet often underappreciated role
in molecular HER catalysis. Optimizing these parameters can
dramatically influence catalytic rates, selectivity, and apparent
stability, underscoring the importance of full catalyst-environ-
ment design rather than catalyst structure alone.>®” > It also
of greatly wise to be aware that the development of homoge-
neous transition-metal catalysts capable of driving hydrogen
evolution directly from water remains unmet goal in the pursuit
of sustainable green hydrogen production. For large-scale
and environmentally benign applications, catalysts must be
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water-soluble, stable, and operationally robust. From an indus-
trial standpoint, however, heterogeneous catalysts are often
favoured due to their ease of separation, recyclability and resi-
lience under harsh acidic or alkaline conditions, which translate
into reduced operational costs. In this context, the realization of
molecular catalysts that combine water solubility, stability, high
activity, and long-term durability represents a significant mile-
stone. Over the past two decades, several water-soluble mole-
cular HER catalysts based on cobalt,>">96>140,218,230,260-262
nickel,***®* and molybdenum?®®®*®” have been reported,
whereas analogous copper-based systems remain compara-
tively rare.'®>''*?°® As a consequence, emergence of copper-
based molecular catalysts or pre-catalysts are expected to
incline more than before in the coming future especially those
which are soluble and water compatible.

Future catalyst development should prioritize systems cap-
able of maintaining molecular integrity and catalytic activity
during prolonged electrolysis under aqueous conditions while
suppressing Cu(r) disproportionation, catalyst decomposition,
and molecular-to-heterogeneous transformation.

5.2. In situ characterization

Determining the structure and composition of the true active
species during catalysis presents significant challenges. This is
likely due to insufficient characterization of the catalyst while it
is operational. Operando techniques address this issue by
simultaneously investigating the catalyst’s structure during
operation and correlating these observations with its catalytic
performance.?%27°

A variety of operando techniques applicable to electro- or
photocatalytic processes range from traditional photo-spec-
troscopic methods to more complex methodologies. Spectro-
scopic techniques, such as infrared spectroscopy, serve as
powerful instruments for examining chemical transformations
induced by reactant interactions and alterations in the sur-
rounding environment.””* In addition to these methods, neutron
scattering, though less commonly utilized, provides exceptional
sensitivity to light elements, yielding structural information that is
often unattainable through photon or X-ray-based approaches.>”>
Concurrently, reactions occurring at solid-liquid interfaces have
emerged as a central focus in contemporary electrocatalysis.
Advanced characterization methods, including liquid-cell trans-
mission electron microscopy,”’? scanning electrochemical probe
microscopy,”’? X-ray scattering,””> and X-ray computed tomo-
graphy,”’® as well as operando electrochemical impedance
spectroscopy (EIS) and surface-enhanced Raman spectroscopy”’”
facilitate detailed analyses of both surface and bulk characteris-
tics, enabling quantitative assessments of electrode morphology,
texture, and internal transport pathways. Finally, it is not surpris-
ing to introduce a hybrid ultrahigh-vacuum-electrochemistry
(UHV-EC) approach to probe the otherwise buried electrode-
electrolyte interface.>’® By transferring electrodes from electro-
lyte to UHV after electrochemical control, surface-science
techniques such as XPS and STM can be applied to analyze
potential-dependent interfacial structure and electronic states.
This methodology provides unique molecular-level insight into
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electrochemical interfaces that is inaccessible to conventional
in situ techniques.

Moving forward, operando characterization should become
a routine component of catalyst evaluation, enabling direct
correlation between catalyst structure, activation pathways, and
catalytic performance under realistic operating conditions.

5.3. Benchmarking and comparability

like other molecular catalytic systems, comparability between
molecular catalysts for HER across studies remain inconsistent,
owing to variations in solvents, proton sources, reference
electrodes, and kinetic metrics (e.g., kobs, TOF, TON). The
absence of standardized testing protocols complicates objective
performance evaluation. For example, Appel and Helm discuss
the importance of consistent determination of overpotentials
for molecular electrocatalysts,'** noting that inconsistent defi-
nitions (e.g., onset vs. Ec,0, see Section 1) can lead to mislead-
ing comparisons between studies.””®

Critical reviews highlighted that current HER/OER research
suffers from inconsistent benchmarking,?**!
tions in electrolyte purity, electrode preparation, normalization
methods and data analysis lead to poor comparability between
reported performances. A useful review by Bligaard et al
emphasizes that objective comparisons of electrocatalytic activ-
ity require standardized testing under identical conditions;
without such protocols, reported overpotentials and activities
cannot be fairly compared across different catalyst systems.”**
Greater adoption of unified benchmarking criteria, transparent
reporting of experimental conditions, and the combined use
of electrochemical and bulk electrolysis metrics would signifi-
cantly improve cross-comparison and accelerate rational
catalyst design.

In addition, future studies should incorporate standardized
electrochemical metrics, including Tafel analysis and long-term
stability testing, to enable meaningful comparison of molecular
copper HER catalysts and facilitate the identification of robust
structure-activity relationships.

The establishment of community-wide benchmarking
practices, including consistent reporting of TON, TOF, over-
potential, Faradaic efficiency, electrolysis duration, catalyst
concentration, and proton source, will be essential for mean-
ingful comparison and accelerated catalyst development.

where varia-

5.4. Computational and data-driven challenges

Despite rapid advances in experimental synthesis and mecha-
nistic studies of copper-based HER catalysts, the limited
integration of computational modelling and modern Artificial
Intelligence (AI) tools has constrained rational catalyst design.>**2%¢
yet their application to molecular electrocatalysis,*®” includ-
ing copper complexes, remains nascent.”®® Based on the
diverse cases discussed in this review and elsewhere copper
complexes has demonstrated the capability to exhibit a rich
landscape of accessible electronic states, proton-coupled elec-
tron transfer pathways, and secondary-sphere effects that
profoundly influence catalytic activity and stability, yet these
multiscale phenomena are challenging to capture with
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traditional, manually driven theory alone, particularly when
explore ligand space, predict overpotentials, or anticipate
degradation pathways. Consequently, catalyst development
often remains empirical and incremental rather than predic-
tive, slowing progress toward optimally tuned Cu complexes
with low overpotentials and high turnover frequencies. The
integration of in silico approaches,”®>*°° including advanced
DFT benchmarking, automated reaction network exploration,
and Al-driven optimization promises to accelerate discovery,
improve mechanistic understanding, and guide experimental
efforts toward targeted performance objectives in copper-
based HER catalysis.

The integration of machine learning, automated reaction-
network analysis, and high-throughput computational screen-
ing offers a promising pathway toward predictive catalyst
design and accelerated discovery of next-generation molecular
copper HER catalysts.

6. Conclusions and outlook

Copper-based catalysts occupy a unique and increasingly
important position in the landscape of hydrogen evolution
catalysis. While copper has long been involved in fundamental
studies of hydrogen evolution, only relatively recently has
significant attention been directed toward the development of
well-defined molecular copper complexes operating under elec-
tro- and photocatalytic conditions. The examples surveyed in
this review demonstrate that rational ligand design, control
over coordination geometry, and tuning of electronic structure
can enable copper complexes to access catalytically competent
redox states and promote proton-coupled electron transfer
processes relevant to HER.

Despite these advances, the performance of molecular cop-
per HER catalysts remain less mature compared to analogous
systems based on cobalt, nickel, or iron. In many reported
studies, catalytic activity is demonstrated, yet key benchmark-
ing parameters, such as turnover numbers, turnover frequen-
cies, overpotentials, and long-term durability are not always
reported in a consistent or comprehensive manner. Moreover,
distinguishing true homogeneous molecular catalysis from
in situ formation of heterogeneous copper deposits continues
to represent a critical challenge, underscoring the need for
rigorous control experiments, including rinse tests, spectro-
electrochemical monitoring, and post-electrolysis electrode
characterization.

Looking ahead, several promising directions emerge. Incor-
poration of second-sphere proton relays, multidentate and
redox-active ligand frameworks, and metal-ligand cooperativity
offers clear pathways to lowering overpotentials and enhancing
catalytic rates. Hybrid approaches, such as immobilization of
molecular copper catalysts on conductive supports or within
polymeric and porous matrices, may further improve stability
while retaining molecular-level control. In parallel, greater
integration of computational modeling and data-driven
approaches could accelerate catalyst discovery and provide
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mechanistic insight that is currently underdeveloped for cop-
per systems. A broader challenge facing molecular copper HER
catalysts is their translation from proof-of-concept systems
to technologically relevant hydrogen-production platforms.
Despite substantial progress in catalyst design, many reported
molecular copper systems still operate at higher overpotentials
and exhibit lower long-term stability than state-of-the-art
heterogeneous catalysts based on noble metals or optimized
earth-abundant materials. Consequently, direct industrial
implementation of molecular copper catalysts remains a long-
term objective rather than an immediate prospect. Neverthe-
less, molecular catalysts provide unique advantages that are
difficult to access in heterogeneous systems, including atom-
ically defined active sites, precise control over the coordination
environment, tunable electronic structures, and unparalleled
opportunities for mechanistic investigation. Future industrial
relevance will likely emerge through hybrid molecular-material
architectures in which molecular copper catalysts are immobi-
lized on conductive supports, incorporated into porous frame-
works, or integrated into photoelectrochemical and electrolyzer
devices. Such approaches could combine the robustness and
scalability of heterogeneous materials with the selectivity and
tunability of molecular catalysts. In this context, advances in
catalyst stability, operation in aqueous media, and long-term
durability will be essential prerequisites for translating mole-
cular copper HER systems from laboratory studies toward
practical hydrogen-production technologies. In summary, while
molecular copper catalysts for hydrogen evolution are still at an
early stage of development, the progress achieved to date
demonstrates their viability and potential. With improved
benchmarking practices, rigorous assessment of catalytic
homogeneity, and continued advances in molecular design
and reaction engineering, copper-based HER catalysts may
evolve into competitive, earth-abundant alternatives for sus-
tainable hydrogen production.
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