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Surface-Functionalized Nanoparticles as Catalysts for
Artificial Photosynthesis
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Jordi García-Antón,* and Xavier Sala*

Analogously to enzymatic catalysis, where the active metal sites and their
environment are controlled by protein residues, the catalytic properties of
metal nanoparticles (NPs) can be tuned by carefully selecting their
surface-coordinated species. In artificial photosynthesis,
surface-functionalization emerged in the last decade, grounded on the
development of reliable methods for tailored synthesis, advanced
characterization and theoretical modeling of metal NPs, altogether with the
aim of transferring to the nanoscale the mechanistic knowledge acquired from
molecular complexes. Metal NPs surface-functionalization modulates the
energetics of key catalytic intermediates, introduces second coordination
sphere effects, influences the catalyst-electrolyte interface, and determines the
metal NPs surface coverage and, accordingly, the number of accessible active
sites. In photoactivated systems, metal NPs surface-functionalization may
play a key role in modulating the charge transfers and recombination
processes between the light absorber and the active sites and in the light
absorber itself. Thus, after a presentation of the most relevant synthetic
methods to produce well-defined surface-functionalized metal NPs, a critical
analysis of why the above effects are the cornerstone in enhancing their
catalytic performance in the key processes of artificial photosynthesis, namely
the oxygen evolution reaction, the hydrogen evolution reaction, and the CO2

reduction reaction, is given.
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1. Introduction

With a nanometric size (1–100 nm),
metal-based nanoparticles (metal NPs)
are greatly reputed for their unique prop-
erties compared to those of molecular
metal complexes or bulk metals.[1–3] The
quasicontinuous density of states present
in bulk metals tends to a discrete en-
ergy level structure at the nanoscale due
to the so-called quantum size effect.[1]

Additionally, the richness of unsatu-
rated (low-coordinated) atoms at NPs
surface confers them peculiar reactiv-
ities with substrates.[2,3] Hence, metal
NPs find diverse applications in the
huge domain of catalysis,[4,5] includ-
ing the fields of electrocatalysis[6–8] and
photo(electro)catalysis,[9] two subareas to
carefully explore in order to achieve a
breakthrough in artificial photosynthesis.
Apart from their matter state (finely di-
vided metals) and their electronic prop-
erties, their reputation strongly relies on
the fact that the smallest the size of a par-
ticle is, the higher the surface to volume
ratio will be. This ratio is particularly high
when metal NPs are around 1 nm in size

or below (sub-nanoparticles), since the number of surface atoms
can be > 90% thus providing a great number of potential surface-
active sites. Determination of the number of atoms in the core
and at the NP surface is possible by applying the rule of magic
numbers that depend on the crystalline structure of the metal.[10]

If very small metal NPs are in general amorphous, larger NPs can
be more crystalline and expose atoms at their surface with differ-
ent coordination numbers (owing to their location on the surface,
namely corner, edge, and face atoms) that may induce different
reactivities.[11] The reactivity of metal NPs is governed by the na-
ture of their metallic core and their surface properties. The lat-
ter can be tuned to boost both reactivity and selectivity, enhanc-
ing the general performance of the nanocatalysts. This can be
achieved by the functionalization of the NPs surface with appro-
priate capping agents, mostly by using small organic molecules
(named as ligands).[12] The interaction of the ligands with the
surface atoms of the NPs can be compared to ligand interac-
tions with the metal centers in coordination complexes and met-
alloenzymes. Ligands can be chosen to tailor the surface prop-
erties of metal NPs through steric and/or electronic effects.[13]
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Figure 1. Schematic representation of the artificial photosynthesis pro-
cess involving 1) light absorption, 2) charge separation, and 3) catalytic
processes to produce oxygen in the oxidative side 3a) and reduced prod-
ucts in the reductive side 3b).

However, the functionalization of the NPs surface with a given
ligand must be well-controlled to keep enough active sites. If
introduced from the start of the synthesis, the ligand will act
both as stabilizing and functionalization agent. Otherwise, it
can be added in a second step (postfunctionalization, eventu-
ally performed via a ligand-exchange reaction) to decorate the
NP surface.[12,14] A great variety of ligands can be used for the
molecular surface-functionalization of NPs (amine, carbene, car-
boxylate, thiolate, phosphine, phosphonate, alkyne, polypyridyl,
or porphyrin type ligands, etc.) depending on their nature, either
metallic, metal oxides or quantum dots.[13] The coordinated lig-
ands induce modification of the electronic spin density of the NP
surface (electron-donor vs electron-withdrawing ligands; 𝜎-donor
vs 𝜋-acceptor ligands) that is of interest to study in order to adjust
the NP performance in catalysis. Capping agent-stabilized metal
NPs can be applied to catalysis as colloidal suspensions but also
in heterogeneous conditions after their deposition onto a solid
support. Precisely designed metal NPs (including the choice of
an adequate and noninnocent capping ligand) are expected to
present benefits from both homogeneous and heterogeneous cat-
alysts, namely high reactivity, better selectivity, recyclability, and
long-term stability.[15]

Metal NPs are a key element in the field of artificial photo-
synthesis (AP).[9] Mimicking the natural photosynthesis taking
place in green plants and algae,[16] AP consists in storing sun-
light energy into chemical bonds and is expected to be one of
the key renewable energy technologies in the midterm. AP is
a complex process (Figure 1) that starts with the absorption of
light to generate separated charge carriers (electrons and holes),
which are used by catalysts to generate fuels and/or chemicals.
Usually, holes (oxidative equivalents) are consumed for oxidizing
water to generate oxygen (Equation (1)), and the released elec-
trons (reducing equivalents) allow to reduce protons to hydrogen
(Equation (2)) or CO2 to carbonaceous molecules, such as CO,
methanol, ethanol, etc. (Equations (3a)–(3c))[17]

2H2O → 4H++4e−+O2(g) (1)

2H++2e− → H2(g) (2)

CO2+2H++2e− → CO(g)+H2O (3a)

CO2+6H++6e− → CH3OH(aq)+H2O (3b)

CO2+12H++12e− → C2H5OH(aq)+3H2O (3c)

The oxygen evolution reaction (OER, Equation (1)) is a thermo-
dynamically up-hill reaction (E0(H2O/O2) = 0.81 V vs NHE at pH
7) of complex mechanism (removal of 4 H+ and 4 e− from two
water molecules and formation of a new O─O bond) and slow
kinetics.[18] Acting as the required electron source, the OER is a
pervasive reaction in AP schemes and thus a key process in the
production of solar fuels.[17] Both molecular complexes and metal
oxides are interesting candidates to catalyze this reaction.[19] In
general terms, molecular species are extremely fast and tunable,
but relatively less robust.[20,21] In contrast, metal oxides are typ-
ically slow but more robust and easier to incorporate at the sur-
face of (photo)electrode materials,[19] which place them closer to
practical applications. The electrons supplied by the OER can
then be employed in counterpart reduction reactions, such as
the hydrogen evolution reaction (HER, Equation (2)) or the CO2
reduction reaction (CO2RR, examples in Equations (3a)–(3c)) to
produce solar fuels and chemicals. HER is a less demanding
(E0(H2O/H2) = −0.41 V vs NHE at pH 7) two-electron reduction
that needs to be catalyzed.[22] In this regard, Pt, with low work-
ing overpotentials and extremely high intrinsic activities (due to
the ideal Pt–H adsorption energies), is still the metal of choice
in acidic media for this reaction.[23] Nevertheless, Pt-based sys-
tems suffer from i) important corrosion under neutral/alkaline
conditions[24] (where the OER is less energetically demanding),
and ii) the prohibitive scarcity and price of the metal that pre-
vents large-scale applications. On the other hand, CO2 is a fully
oxidized and thermodynamically stable molecule that can lead
to multiple reduction products.[25] The key step in CO2 conver-
sion is the chemical transformation of this inert molecule into
reduced carbon species, ranging from CO and HCOOH (2 e− re-
duction) to 1-propanol (18 e− reduction), passing through HCHO
(4 e− reduction), CH3OH (6 e− reduction), and ethylene/ethanol
(12 e− reduction). Nevertheless, the efficiency of the CO2RR
is typically hampered by i) the sluggish kinetics of the multi-
electron/multiproton processes that lead to high overpotentials
(high energy costs) and low reaction rates, ii) the similar equilib-
rium potentials of the set of reductions listed above (e.g., ethy-
lene, ethanol, and 1-propanol are all ≈0.1 V vs RHE), leading
to product mixtures (high separation costs) in the absence of a
highly selective catalyst, iii) the low solubility of CO2 in aqueous
electrolytes, and iv) the concomitant HER occurring at similar
potentials.[26]

Different systems can be envisaged to combine these catalytic
processes with appropriate light absorbers to produce solar fu-
els from AP, which can be grouped in two main categories: i)
two-center systems, consisting in a photovoltaic device to gener-
ate green electricity connected to an electrolyzer, where the gen-
erated voltage is used to perform the chemical transformations,
and ii) photoelectrochemical systems and particulate photocat-
alysts, where the light absorption, charge separation, and cat-
alytic processes take place within the same particle or device (in
a single material or in two separate materials, respectively).[27]

From the catalytic point of view, the main difference between
these two approaches is the source of charges: from an exter-
nal circuit in the former and from the light absorber (conse-
quently suffering from electron–hole recombination losses at
the photoanode/catalyst/electrolyte interfaces) in the latter.[28] It
is noteworthy that for both approaches, fast and efficient elec-
trocatalysts toward each of the desired reactions are required.
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Table 1. Comparison of the most relevant surface-functionalized OER electrocatalysts cited in this review. Parameters: mean diameter (Ø), onset over-
potential (𝜂0, mV), overpotential at |j| = 10 mA cm−2 (𝜂10, mV), Tafel slope (b, mV dec−1) and current density (|j|, mA cm−2).

Entry Catalyst Electrolyte Ø [nm] Ligand/stabilizer 𝜂0 [mV] 𝜂10 [mV] b [mV dec−1] |j|[mA cm−2]a) Refs.

1 Ir NPs 0.5 m H2SO4 (pH 0.3) 1.7 ± 0.3 4-ethylphenylacetylene 215 256 55 17 (270 mV) [71]

2 Ir NPs 1 m KOH (pH 14) 1.7 ± 0.3 4-ethylphenylacetylene 265 300 37 20.9 (320 mV) [71]

3 NiO NPs 1 m KOH (pH 14) 1–4 MeOPh – 340b) 156 5.62 (450 mV) [79]

4 NiO NPs 1 m KOH (pH 14) 1–4 None – 315b) 133 6.85 (450 mV) [79]

5 NiO NPs 1 m KOH (pH 14) 1–4 HCO2─Ph – 310b) 126 8.93 (450 mV) [79]

6 NiO NPs 1 m KOH (pH 14) 1–4 Cl2Ph─ – 293b) 129 13.17 (450 mV) [79]

7 NiO NPs 1 m KOH (pH 14) 1–4 NO2Ph─ – 287b) 89 18.98 (450 mV) [79]

8 NiO NPs 1 m KOH (pH 14) 1–4 C6F5─ – 257b) 87 23.17 (450 mV) [79]

9 Co(OH)2 NPs 0.1 m NaOH (pH 13) 2.0 ± 0.5 Heptanol & carbon fibers (CFs) 322 – 176 – [117]

10 Co(OH)2 NPs 0.1 m NaOH (pH 13) 2.3 ± 0.5 Heptanol & COOH groups (oxidized CFs) 312 – 110 – [117]

a)In brackets, overpotential at which the current density is registered; b)Overpotential at 1 mA cm−2 (𝜂1).

Table 2. Comparison of the most relevant surface-functionalized HER electrocatalysts cited in this review. Parameters: mean diameter (Ø), onset over-
potential (𝜂0, mV), overpotential at |j| = 10 mA cm−2 (𝜂10, mV), Tafel slope (b, mV dec−1), and current density (|j|, mA cm−2).

Entry Catalyst Electrolyte Ø [nm] Ligand/stabilizer 𝜂0 [mV] 𝜂10 [mV] b [mV dec−1] |j| [mA cm−2]a) Refs.

1 Au NPs 0.5 m potassium phosphate (pH 6.7) 2.2 ± 0.4 porphyrin 330 460 101 4.8 (400 mV) [70]

2 WSe2 nanocrystals 0.5 m H2SO4 (pH 0.3) – Dodecylamine 365 540 110–155 1.8 (400 mV) [72]

3 WSe2 nanocrystals 0.5 m H2SO4 (pH 0.3) – None (after stripping) 247 422 88–121 7.7 (400 mV) [72]

4 Ir NPs 0.5 m H2SO4 (pH 0.3) 1.7 ± 0.3 4-ethylphenylacetylene 20 43 26 14.9 (50 mV) [71]

5 Ir NPs 1 m KOH (pH 14) 1.7 ± 0.3 4-ethylphenylacetylene 0 7 62 24.4 (50 mV) [71]

7 Ru NPs 1 m H2SO4 (pH 0) 1.5 ± 0.3 4-phenylpyridine 0 20 29 0.55 (100 mV)b) [76]

8 Ru NPs 1 m NaOH (pH 14) 1.5 ± 0.3 4-phenylpyridine 0 25 65 0.19 (100 mV) b) [76]

9 Ru NPs 0.5 m H2SO4 (pH 0.3) 21.4 THF/MeOH 0 83 46 0.36 (100 mV) b) [77]

10 CoP NPs 0.5 m Na2SO4 (pH 7.2) 12 Oleate 615 786 – 0.25 (500 mV) [123]

11 CoP NPs 0.5 m Na2SO4 (pH 7.2) 12 Oleylamine 415 585 – 4.0 (500 mV) [123]

12 CoP NPs 0.5 m Na2SO4 (pH 7.2) 12 Acetate 363 535 – 7.1 (500 mV) [123]

13 CoP NPs 0.5 m Na2SO4 (pH 7.2) 12 None (after stripping) 360 532 – 7.5 (500 mV) [123]

14 Au NPs 0.5 m H2SO4 (pH 0.3) 15 Citrate 120 270 74 60 (400 mV) [122]

a)In brackets, overpotential at which the current density is registered; b)Specific current density (|jS|, mA cm−2).

Also, selective electrocatalysts are mandatory when a single car-
bon/multicarbon product is targeted from CO2 electroreduction
(Equations (3a)–(3c)), a rather unselective process. In here, metal
NPs, which display high surface to volume ratio and tunable sur-
face properties and are easy to deposit onto different supports,
will have a pivotal role.

In the last decade, the access to efficient and reproducible syn-
thetic methods to prepare well-defined metal NPs together with
the interest in rationally tuning their reactivity to achieve effi-
cient (highly active and selective) (photo)electrocatalysts for AP
have pushed the emergence of innovative strategies for the NP
surface-functionalization. This review presents a critical analysis
of the most remarkable ligand-capped NP systems with the aim
to shed light on the role of surface ligands in each case reaction:
OER, HER, and CO2RR. The manuscript is not intended to be
comprehensive nor to provide a thorough numerical comparison
of catalytic performances between the cases discussed. However,
a summary of the main figures of merit for each electrocatalyst
quoted along the discussion is given in Tables 1–3.

Given the key role of synthetic methods to produce well-
defined surface-functionalized nanocatalysts, a dedicated sec-
tion (Section 2) presents the main methods used to access
such NP systems. Then, Section 3 debates on how surface-
functionalization can directly affect the energy of the catalytic ac-
tive sites and the catalytic intermediate species. How the capping
ligands affect the NP-electrolyte interface by second coordination
sphere and mass transport effects is covered in Section 4. Finally,
Section 5 is dedicated to the role of NP surface functionalization
in photocatalytic systems, where particular processes (i.e., light
absorption, charge transfer processes) are key for the final cat-
alytic output. Finally, a summary and future research directions
are given in Section 6.

2. Synthetic Methods

Efficient synthetic methods that allow to have, in a repro-
ducible manner, well-defined metal NPs (in terms of size, crys-
talline structure, metal core composition and stabilizing agents,
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Figure 2. Schematic representation of the different synthetic approaches to obtain metal NPs (right, red lines) and metal oxide NPs (left, green lines).
Metal atoms are shown in gray and oxygen atoms in red.

chemical order, shape, and dispersion)[29] are a prerequisite if
one wants to finely investigate the catalytic properties of NPs and
define the correlation between structural features and catalytic
performance.[30] Different synthetic strategies have thus been de-
veloped (Figure 2), among which solution chemistry methods
stand at a key position for their versatility, ease of use and more
straightforward equipment than physical routes.[31] Liquid-phase
methods are bottom-up approaches, meaning that the starting
species contains one metallic atom that will lead to the forma-
tion of multiatomic metal species. Such starting species can be
metallic salts[32] or metal–organic complexes.[33–36] The synthesis
conditions (solvent, reducing agent, stabilizing agent, tempera-
ture, pressure, etc.) are adjusted depending on the nature of the
metal source.

The reduction of a metal salt in aqueous media (Figure 2,
upper right reaction) is a commonly used procedure to prepare
metal NPs because of several advantages, including the low cost,
ease of implementation, and scalability.[37] This method typically
consists in treating an aqueous solution of a commercial metal
salt by a reductant in the presence of a stabilizing agent, at am-
bient conditions or by heating, depending on the facility of re-
duction of the metal salt. Different reductants can be used for
this purpose such as alcohols,[38] diols, or polyols,[39] hydrides
such as NaBH4,[40] surfactants like long alkylchain amines,[41]

hydrazine,[31] or hydrogen gas under pressure,[33] among others.
The synthesis of metal oxide NPs can be performed by coprecip-
itation from metal salts under basic conditions (NaOH) followed
by a calcination step.[31] The role of the stabilizer is to avoid ag-
glomeration of the NPs in solution and to control their growth
(size and shape). They need to be water-soluble, among which
organic polymers (like polyvinyl alcohol,[42] polyacrylamide,[43]

polyvinylpyrrolidone,[44] surfactants like ammonium salts,[45] or
ligands (i.e., citrate, amine, phosphine, thiols)[46] are commonly
employed. By this way, long-term stable aqueous colloidal sus-
pensions of NPs can be quickly obtained and directly used for
catalysis in water without any purification. One disadvantage of
this method is the possible presence of by-products resulting
from the reactants (like halides), which can pollute the metal sur-
face. Another inconvenient can be the (partial) oxidation of the

metal surface, which is often circumvented by treating the col-
loidal suspension under hydrogen pressure before catalysis to,
when needed, recover the metallic surface.[37]

Another method to form metal NPs consists in the reduction
of a metal complex in an organic solvent (Figure 2, bottom right
reaction). In particular, the organometallic approach is a well-
established strategy to access well-defined metal NPs that can
serve as model systems to explore the influence of the species
present at their surface on the catalytic performance.[47] This syn-
thetic method is based on the use of an organometallic complex
(and in some extent a metal organic complex) as the source of
metal atoms, together with an adequate stabilizer (various cap-
ping ligands can be used) that will govern the NPs growth. Apart
from metal carbonyl precursors, which require high tempera-
tures for the release of CO (solvothermal or hot injection meth-
ods), a clear advantage of using organometallic or metal–organic
complexes is their easy decomposition under mild conditions (1–
3 bar H2; r. t. or T ≤ 423 K) through reduction or ligand displace-
ment from the metal coordination sphere in an organic solvent
and in the presence of a given stabilizer. When available, olefinic
complexes are preferred as precursors because they provide clean
metal surfaces, as the treatment by H2 releases alkanes that are
inert toward the NP surface and easily evaporated. This enables
to access metal NPs of ultrasmall size (≈1–10 nm) with a metal-
lic surface free of contaminants, which can be tuned at will by
the adequate choice of the capping ligand added as stabilizer. In
addition, the stabilizer will functionalize the surface of the NPs,
allowing thus to tune their surface properties with a positive in-
fluence on their catalytic performance.[48] By this way, monodis-
perse populations of metal NPs with an efficient control of size,
shape, and surface state can be prepared. However, a drawback
of this method may be the synthesis of the complex precursor,
if not commercially available, and its handling, that may require
high precaution (particularly when oxyphilic metals are used).

Supported metal NPs can be obtained by the two methods de-
scribed above in a one-step[49–51] or two-step strategy.[52–54] If the
support (carbon or graphene oxide material, metal oxide, MOF,
etc.) is introduced in the reaction medium from the beginning
of the synthesis protocol, the NPs will directly interact with the
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Figure 3. Volcano plot of the log of the experimental exchange current density j0 (A cm−2) versus the DFT- Gibbs free energy of H-adsorption,
ΔGH*(kcal mol−1), for pure metals[67] (orange diamonds) and nanoscale MoS2 (pink diamond)[68] at acidic pH. The horizontal red line is the ex-
perimental logj0 value for Ru-4PP (4PP: 4-phenylpyridine). The results from our DFT calculations for ΔGH* in the different H probed sites for Ru55H53
(blue) and Ru55H53(THF)2(4PP)6 (red) are shown as oval shapes. Adapted with permission.[69] Copyright 2021, John Wiley and Sons.

support that can be eventually functionalized to increase the NP
dispersion. Otherwise, the support can be impregnated by a col-
loidal suspension of preformed NPs. As for the capping ligand,
the support can affect the reactivity of the NPs by electronic ef-
fects.

Concerning the synthesis of metal oxide NPs, it can be per-
formed in one step conditions by alkaline hydrolysis of a metal
salt[55] or an organometallic or metal–organic complex[36] in the
presence of, for instance, a surfactant as stabilizer (Figure 2 left,
green arrows). It can be also carried out via a two-step procedure
by a controlled oxidation of preformed metal NPs (Figure 2, bot-
tom green arrow from right to left).[56] As for the preparation of
metal NPs, the reaction conditions are of paramount importance
to get well controlled metal oxide NPs, and the choice of the cap-
ping ligand (present from the start synthesis or postadded) is also
a key-parameter to have a tailored surface functionalization.

As it will become clear in the following sections, the catalytic
properties of nanoscale materials are strongly affected by their
surface chemistry. Thus, the tailored functionalization of the NP
surface by the synthetic methods described in this section is an
efficient strategy to boost their performance in both electrocatal-
ysis and photocatalysis.

3. Electronic Effects in Electrocatalysis

Among the different roles capping species can play at the sur-
face of metal NPs in electrocatalysis, the optimization of the bind-
ing of key reaction intermediates (i.e., *H, *OH, *CO, *COOH,
etc.) by electronic modulation (resembling the electronic fine-
tuning exerted by the coordination of donor or acceptor ligands

in organometallic and coordination compounds) has been one of
the most studied parameters. The following subsections summa-
rize the main trends observed for electrocatalytic HER and OER
(3.1) and CO2RR (3.2).

3.1. HER and OER

The coordination of ligands at the surface of metal NPs is an
efficient strategy to rationally fine-tune their HER activity. This
strategy is related to the Sabatier principle (proposed by Paul
Sabatier in 1911 based on empirical observations)[57] in hetero-
geneous catalysis and electrocatalysis[58] that predicts optimal
activity on a catalytic surface with intermediate binding ener-
gies (or free energies of adsorption) for reactive intermediates.
Therefore, the catalyst and the reactant will hardly interact if
the bond between them is too weak, whereas a too strong bond
will prevent reactant desorption and therefore will inhibit fur-
ther reactions. More than a century later, it is now routine to
evaluate in silico the binding energy of intermediate states by
means of DFT methods,[59–62] recently aided by machine learn-
ing techniques to reduce computational costs.[63–65] In the case
of HER, when the catalytic activity (exchange current density, log
j0) is plotted against the M─H bond strength (DFT-calculated
Gibbs free energy of H-adsorption, ΔGH*), a volcano shape is ob-
tained (Figure 3, left).[66] The tendency is inherent to metal or
compound nature and only the catalytic systems laying on top
of the volcano plot show optimal HER performances. However,
surface-functionalization (i.e., ligand capping) can be used to ad-
just the hydrogen─metal bond strength to be neither too strong

Adv. Energy Mater. 2023, 13, 2300282 2300282 (8 of 25) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Face coordination of a porphyrin ligand on Au NPs strength-
ens the Au─H bond (left). Adapted with permission.[70] Copyright
2018. Royal Society of Chemistry. While 4-ethylphenylacetilene (EPA), 4-
ethylphenylthiol (EPT), or 4-dodecylbenzenesulfonyl azide (DBSA) co-
ordination on Ir NPs weaken the Ir─H bond (right). Adapted with
permission.[71] Copyright 2021, American Chemical Society.

(avoiding poisoning of the surface) nor too weak (leading to a
challenging activation) (i.e., ΔGH* ≈ 0), and thus rationally im-
prove the HER activity. Some remarkable examples of this strat-
egy are highlighted in this section.

For example, the Au─H bond is weak (it falls on the right part
of the volcano plot, Figure 3). Therefore, strategies to strengthen
the Au─H bond can lead to improved HER activity. Sakamoto,
Teranishi and co-workers have proposed this beneficial strength-
ening of the M─H bond for the HER activity in porphyrin-
modified Au nanoclusters (Au NCs) through an acetylthio bridge
(CH3─CO─S─, Figure 4, left).[70] Formation of Au─H* generates
new bonding and antibonding states. Occupancy of the antibond-
ing state determines the Au─H* strength. If the antibonding
state is filled, the Au─H bond becomes weaker (and thus unfa-
vorable for HER). On the contrary, a decrease in the antibonding
state occupancy increases the M─H* strength. As observed by
X-ray photoelectron spectroscopy (XPS) analysis, porphyrin co-
ordination at the Au surface provokes a charge migration from
the 5d state of the Au core to the Fermi level, which empties the
antibonding state, thus improving its HER activity.

On the contrary, metals forming stronger M─H bonds that lay
on the left branch of the volcano plot on Figure 3 (i.e., W or Mo,
etc.) benefit from bond weakening strategies. In a sound exam-
ple by Cossairt and co-workers, the HER performance of dodecy-
lamine (DDA) stabilized WSe2 nanocrystals is shown to improve
after ligand stripping with Meerwein’s reagent ((Et3O)(BF4), en-
tries 2 and 3 in Table 2), a universal alkylating reagent for
native-ligand stripping of carboxylate-, phosphonate-, and amine-
passivated nanocrystal thin films and dispersions to give bare or
BF4

−/DMF-passivated surfaces, an effect in part attributed to a
decrease in ΔGH* to more favorable values.[72] As shown by ul-
traviolet photoelectron spectroscopy (UPS), DDA stripping pop-
ulates more antibonding states, thus weakening the M─H bond
and favoring the HER kinetics. The higher number of active sites
available after ligand stripping also contributes to the higher HER
activity, as will be discussed later in Section 4. Following the same
trend, a recent report by Chen, Ping and co-workers describes
the enhanced HER activity of 1.7 nm 4-ethylphenylacetylene-
functionalized iridium NPs (Ir─C≡, Figure 4, right) when com-

pared to commercial Ir NPs and analogous mercapto and nitrene
surface-functionalized derivatives.[71] By combining experimen-
tal and computational data, the authors relate the M─H bond
weakening (ultralow ΔGH* at the Ir─C≡ ligand anchoring sites)
and the concomitant increase in HER activity of the Ir─C≡ sys-
tem with the intraparticle charge delocalization induced by the
conjugated interfacial Ir─C≡C─ linkages, which allows more ef-
fective charge transfer from the Ir core to the surface ligands. Ad-
ditionally, this intraparticle charge delocalization (yielding a low
valent Ir surface, typically preferred for OER)[73,74] results key for
the excellent OER activity of the Ir─C≡ system in alkaline me-
dia. During the rate determining step (rds), water molecules ap-
proach the Ir surface and dissociate into *H and *OH adsorbed
intermediates in a vertical configuration onto two neighboring Ir
atoms. Also, in this case the Ir─C≡ system exhibits the lowest
energy barriers of all studied surface-functionalized Ir systems.
Therefore, Ir─C≡-capping helps attending both a low Ir valence
state by preventing further surface oxidation and a fast water dis-
sociation process at the NP surface. The fine-tuning by ligand-
capping of these key factors for OER kinetics may be transferred
to other systems by a myriad of metal–ligand combinations. With
remarkable catalytic properties in both HER (Table 1, entries 1
and 2) and OER (Table 2, entries 4 and 5), this Ir─C≡ system was
implemented as a bifunctional catalyst in an overall water split-
ting device, working at low cell voltage in both acidic (1.473 V) and
alkaline (1.495 V) media, outperforming commercial Ir/C.[71]

Interestingly, combination of experimental data with realistic
computational models allowed to rationalize the effect of ligand-
capping on the H-adsorption energy of Ru NPs at acidic pH.
Based on a 1.0 nm 55-atom hcp Ru model NP,[75] the calcula-
tion of the binding energy for the different possible coordinating
modes of a pyridine-based stabilizing ligand, namely the mono-
N-dentate 4-phenylpyridine (4PP) ligand,[69,76] enabled to analyze
its influence on the H-adsorption energies of the surrounding
hydride ligands. In this atomistic model, the number of stabi-
lizing ligands per Ru atom as well as the number of coordinat-
ing hydrides and tetrahydrofuran (THF) solvent molecules have
been adjusted to the experimental ratios found (by combining
inductively coupled plasma optical emission spectroscopy (ICP-
OES), elemental analysis, thermogravimetric analysis, and hy-
dride titration), in order to generate realistic models. DFT cal-
culations indicate that the N-coordinating ligand shifts the H-
adsorption energies from the left of the volcano plot (starting
from the strong Ru─H bonds for bare Ru) to more balanced val-
ues, closer to the top of the volcano plot (Figure 3, oval shapes).
This ligand effect on the H-adsorption energies (variation of the
adsorption energies to approach the ideal 0 kcal mol−1) is found
to be transferred all over the NPs surface and is in accordance
with the excellent HER electrocatalytic performance observed for
the Ru-4PP system (Table 2, entry 7). Furthermore, DFT calcu-
lations proved that THF solvent molecules (with weakly coordi-
nating character) exert lesser electronic influence than pyridine-
based ligands, thus only slightly decreasing the Ru─H strength
of the hydrides sitting at the same Ru site or nearby. This is
in accordance with the worse electrocatalytic performance of
THF/MeOH stabilized Ru NPs when studied in HER at acidic
pH (Table 2, entry 9).[77] Ligand coordination modes (i.e., 𝜎, 𝜋,
or 𝜎-𝜋 coordination of the 4-phenylpyridine ligand at the NP sur-
face) and metal–ligand bond strengths have only been studied by
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computational means (ligand adsorption energies).[76] Validation
of these computational data by means of surface-sensitive char-
acterization techniques (i.e., Time-of-Flight Secondary Ion Mass
Spectrometry, ToF-SIMS,[78] and XPS) remains unexplored and
would be of high interest, in particular if applied before and after
catalytic turnover.

The potential of molecular surface-functionalization to opti-
mize the OER activity of nanocatalysts has also been stablished in
a sound example by Sun and co-workers. In this work, the local
(surface) electronic structure of NiO NPs was adjusted and tai-
lored by functionalizing their surface with different ligands. The
postfunctionalization of ultrasmall (1–3 nm) NiO NPs with small
organic molecules (MeOPh─, HCO2Ph─, Cl2Ph─, NO2Ph─,
and C6F5─) results on those bearing electron-withdrawing sub-
stituents (i.e., C6F5─) as the most active (both in terms of overpo-
tentials and current densities, see Table 1, entries 3–8) in OER.[79]

A combined electrochemical (CV, bulk electrolysis, electrochem-
ical impedance spectroscopy (EIS)) and spectroscopic (XPS, X-
ray absorption near edge structure (XANES), diffuse reflectance
infrared fourier transform spectroscopy (DRIFTS), in operando
Raman) analysis allows stablishing that electron-withdrawing lig-
ands promote local electron-delocalization at the NiO surface, fa-
voring the nucleophilic attack of water to the more electrophilic
Ni centers. Furthermore, both Ni electrophilicity and the ability
of the C6F5─ group to promote proton shuttling aid the depro-
tonation in the required Ni2+→NiOOH reconstruction, thus also
improving the OER performance of this system.

In summary, the electronic modulation of the NP surface by
means of capping ligands has been extensively studied for HER
(where the reaction conditions are less demanding and a good
theoretical descriptor of the activity,ΔGH*, is available), but barely
examined for the OER (where organic ligands may easily suf-
fer from decomposition under the harsh oxidative environment
required). In this line, molecular water oxidation catalysts can
serve as inspiration to overcome this drawback at the nanoscale,
given their well-stablished ligand design concepts.[20,80] Addition-
ally, experimental determination of ligand coordination modes
and binding strength through surface-sensitive characterization
techniques (i.e., Time-of-Flight Secondary Ion Mass Spectrome-
try, ToF-SIMS,[78] and XPS) remains elusive.

3.2. CO2RR

Concerning the CO2RR, electronic modulation by molecular
surface-functionalization has been mainly studied for Au NPs
and Ag NPs (2e− CO-selective metals) in combination with
carbene, amine, carboxylate, or thiolate ligands. Contrarily, the
fine-tuning via ligand-capping of Earth-abundant metal-based
nanocatalysts (i.e., Cu) able to yield more reduced high-energy
density products from CO2 (i.e., methanol, ethylene, ethanol,
etc.) has been less explored.

Several examples of Au NPs or Ag NPs show that thiolate-
based stabilizing ligands (2-phenylethanethiol (PET) or cys-
teamine (CA)) enhance the electroactivity for CO formation at
the same time that increases the selectivity of the nanocatalysts
with respect to HER.[81–86] A seminal example is the combined ex-
perimental and computational analysis of [Au25(PET)18]− clusters
reported by Kauffman and co-workers (Table 3, entry 1). The an-

ionic nature of the nanocatalysts promotes CO2 adsorption and
C═O bond activation by partial electron density donation from
the S atoms of the shell to the O atoms of the adsorbed CO2
molecules, thus polarizing the Au─S bonds and inducing elec-
tronic changes within the interior of the nanoclusters which bear
resemblance to cluster oxidation.[84] At the same time, a proton
capture and electron transfer convert adsorbed *CO2

− into ad-
sorbed *COOH before evolving to CO and water. The same PET
ligand used in bimetallic 1.5 nm Au/Cu NPs (49% Cu) also pro-
motes CO selectivity (Table 2, entry 2).[81] Interestingly, DFT cal-
culations on realistic models show how the thiol ligand properly
stabilizes the *CO intermediate at the nanocluster surface and
helps suppressing HER by disfavoring *H formation. Addition-
ally, models with gradual ligand loss show a progressive increase
of *CO stabilization that, eventually, hampers the proper desorp-
tion of CO, decreasing the overall CO selectivity of the system
against HER. Analogously, similar electronic effects between the
CA ligand and 4.2 nm Au NPs loaded onto carbon black have
also been described. CA binding at the NPs surface results in de-
creased Au–Au coordination numbers (as confirmed by EXAFS)
that create more vacancies and step sites, facilitating CO2 reduc-
tion and thus mass activities up to 110 times higher than those
of thiol-free identically sized Au–NP catalysts (Table 3, entries 3–
4).[86] Likewise, the same CA ligand has been used to tailor the
CO2RR electroactivity of carbon-supported Ag NPs of different
sizes (from 3 to 11 nm). DFT studies on bare and CA-stabilized
models discard size effects as major contributor to the observed
differences in electrocatalytic performance (Table 3, entries 5–7)
but attribute them to a ligand-induced modification of the elec-
tronic spin density of the NPs surface. Thus, the breakup of the
initial symmetry of the system upon thiolate ligand coordina-
tion provokes a progressive localization of the unpaired electrons
at the surface of the NPs, which facilitates the stabilization of
the key *COOH radical intermediate by providing more cova-
lent character to the Ag─COOH bond.[82,85] In contrast, the lo-
calized unpaired electrons of the CA-stabilized system does not
stabilize the Ag─CO donor–acceptor bond, thus facilitating CO
desorption. This report is a sound example about how surface-
functionalization by ligand-capping helps adjusting the stability
of key CO2RR intermediates to attain efficient (highly active and
selective) electrocatalysts.

Additionally, advantageous effects provided by amine-based
ligands with respect to thiolate ones for promoting effective
CO selectivity have been demonstrated in a work by Kim and
co-workers.[87] In this work, a comparison of the electrocat-
alytic CO2RR activity of amine- (oleylamine (OLA); ethylenedi-
amine, (EDA)), carboxylate- (oleic acid (OA)), and thiolate- (dode-
canethiol (DDT), cysteamine (CA)) capped Ag NPs is presented
(Table 3, entries 8–10). The higher CO selectivity of the amine-
capped NPs is basically a consequence of their lower HER activity
compared to the thiolate-based counterparts, which show much
higher HER electrocatalytic activity but comparable CO mass
activity, as also demonstrated by DFT calculations. As shown
in Figure 5, amine-capped Ag NPs stabilize the *COOH inter-
mediate while destabilize the *H one, whereas thiolate-capped
NPs stabilize both intermediates, therefore not discriminating
between HER and CO2RR. On the other hand, carboxylate lig-
ands stand in the middle (although closer to the amine ligands
probably because of charge transfer from carboxylate to the Ag

Adv. Energy Mater. 2023, 13, 2300282 2300282 (10 of 25) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2023, 21, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202300282 by U
niversité D

e T
oulouse 3, W

iley O
nline L

ibrary on [27/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 5. Volcano plots for a) HER and b) CO2RR) of a Ag nanoparticle (Ag NP), a thiol-capped Ag NP, and an amine-capped Ag NP. The amine and thiol
capping agents are propylamine and propane thiol, respectively. Dashed lines show the activities of each elementary step. Adapted with permission.[87]

Copyright 2017, American Chemical Society.

NPs), showing intermediate HER and CO2RR electrocatalytic
activities.

The surface-functionalization of Au NPs[88,89] or
nanoclusters[90] and Pd NPs[88] with strong sigma donating
N-heterocyclic carbenes (NHC) has also been studied (Table 3,
entries 13–18). As a general trend, NHC ligands favor CO pro-
duction and stabilize the catalytic systems due to the formation
of a strong M─C bond. Carbene coordination makes Au NPs
surface highly electron rich, thus favoring their reductive capa-
bility, while at the same time destabilizing the bonds between
adjacent Au atoms, which leads to a restructuration of the NPs
surface and an increased number of defects that provide better
kinetics for CO2 reduction to CO.[89] As proposed by Yang and
co-workers,[89] this may explain the drastic change in reaction
mechanism between bare Au NPs and their NHC-capped ana-
logues (Tafel slopes of 138 and 72 mV dec−1, respectively) from
a rate-determining step (rds) consisting in a single-electron
transfer from *CO2 to yield *CO2·− to a fast electron transfer
to CO2 before an rds chemical step.[89] Interestingly, the same
change in reaction mechanism has been proposed for OLA-
capped Au NPs deposited onto C nanotubes (CNTs), where
the Tafel slope decreases from 252 mV dec−1 for the uncoated
NPs to 78 mV dec−1 for the OLA-coated NPs (Table 3, entries
11–12).[83] In addition, NHC ligands have shown higher CO
(vs H2) selectivity in CO2 electroreduction compared to thiol
analogues in some examples. This is the case of the Pd NPs
stabilized with polymeric NHC/thiol ligands reported by Liu
and co-workers.[88] The cooperativity of the NHC electronic
effects (increasing CO production vs HER activity due to strong
𝜎-donation) and the hydrophobicity of the polymers (reducing
the diffusion of the hydronium cation and binding to the NPs
in a metalloenzyme-like behavior)[91] improve the Faradaic
efficiency (FE) toward CO (Table 3, entries 15–18) and stabilize
the systems against sintering under negative bias.[88]

The electron-modulation capacity of polypyridyl (2,2′-
bipyridine (bpy)) surface species has also been reported in
a recent work by Geng and co-workers on MOF (UiO-bpy)-
encapsuled Pd NPs (Pd@UiO-bpy).[92] Combined in situ XRD
(PdHx phase analysis) and in situ Raman (*CO binding profiles)
spectroscopies with DFT calculations on Pd@UiO-bpy and its
bpy-free Pd@UiO-67 isomorph show how the electronic interac-
tion of the bpy linker with the Pd surface optimizes the stability
of key *H and *CO intermediates and thus the selectivity of

the CO2RR process. The electronic modulation exerted by the
ligand allows suppressing the competing HCOOH formation
at low overpotentials and evading the CO poisoning at high
overpotentials, thus attaining FE over 80% for a wide potential
range, from −0.3 to −1.2 V (vs RHE, Table 3, entries 19–20). This
work highlights the interest of combining ligand-functionalized
reticular materials with metal NPs in the field of CO2 elec-
troreduction, attaining high FE toward CO at remarkably low
overpotentials (−0.3 V vs RHE, 𝜂 = 200 mV).

Moving to Earth-abundant metals and more reduced products,
Cu is the only reported metal able to catalyze the CO2RR to high
energy density multicarbon (C2+) products (i.e., ethylene and
ethanol) with reasonable FE. It is well-known that the selectivity
and reaction rate toward C2+ products of Cu-based CO2RR elec-
trocatalysts increases as the average Cu oxidation state does.[93–95]

In this regard, the first effective example of molecular surface-
functionalization for this purpose has been reported recently.[96]

Postfunctionalization of a micrometric tandem Ag─Cu electro-
catalyst with electron-withdrawing aromatic heterocycles showed
a threefold increase on the FE toward C2+ products of the elec-
trode (Table 3, entries 21–24), attributed to the formation of
Cu𝛿+ sites. The positive charge density of these Cu𝛿+ sites fa-
vors *CO adsorption and the concomitant formation of C─C
bonds. However, the coordination mode of the surface ligands
was not studied in detail. This report opens the avenue for the
fine-tuning of Cu-based systems exploiting the myriad of pos-
sibilities offered by molecular surface-functionalization, particu-
larly at the nanoscale. In this sense, a recent report from Park
and co-workers on carbon-supported Cu NPs with polymeric
stabilizers[97] highlights the key role of the functional groups
(─COOH or ─CF2) of the binders used for the electrode fabrica-
tion, on the CO2RR product distribution (Table 3, entries 25–26).

All in all, the interest in the electronic modulation of metal
NPs in order to adjust the energetics of CO2RR reaction interme-
diates to selectively attain a desired product is unarguable. This
strategy has boosted the investigation of surface-functionalized
nanocatalysts in the recent years. Most studies have been focused
on 2e− CO-selective metals (i.e., the precious Au or Ag). They
have pinpointed thiol, amine, and carbene ligands as interest-
ing surface-species to modulate *CO and *H adsorption energies
and attain a decreased HER competition. Encouraging results
have also been recently reported with surface-functionalized Cu
systems, targeting C2+ products. To streamline catalyst design,
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the introduction of multiscale[98–101] (i.e., microkinetic) model-
ing coupled to operando surface-sensitive techniques (i.e., time-
resolved surface-enhanced Raman spectroscopy, TR-SERS[102]) to
track the dynamics of reaction intermediates has proven useful
in related systems[103,104] and will be of pivotal interest to disclose
the effect of capping ligands in surface-functionalized nanocata-
lysts.

4. Electrolyte—NP Interface Effects in
Electrocatalysis

In the last decades, the development of advanced electrocatalysts
(including surface-functionalized NPs) and the understanding
of mechanistic pathways to rationally design better catalytic sys-
tems have predominated. However, the study of the catalyst en-
vironment, where the catalyst–electrolyte interface can modulate
key operational parameters such as reactant concentration, mass
transport, proton delivery, intermediate stabilization, etc., is gain-
ing more attention.[105,106] Accordingly, the following subsections
focus on how NP surface-functionalization can affect and fine-
tune the catalyst–electrolyte interface (i.e., by introducing steric
hindrance, hydrophobic/hydrophilic character, stabilizing ions
present in the electrolyte, etc.) through relevant examples. It is
however worth to mention that the effects ligands provoke at the
catalyst–electrolyte interface are often mixed and, therefore, it is
not always straightforward to discriminate between them. This
will be highlighted in the examples described hereafter.

4.1. Second Coordination Sphere Effects

Uncoordinated imidazole and carboxylate substituents in the
amino acid residues of the protein backbone of photosystem II
(PSII) are known to assist the oxygen-evolving complex (OEC),
accelerating water oxidation during natural photosynthesis in
plants and algae.[107,108] Similarly, amino acid residues are key
for the enzymatic interconversion of CO2 to either CO or formic
acid[109] and the reversible conversion of protons and electrons
to molecular hydrogen in [Fe–Fe]-hydrogenases.[110] Inspired by
Nature, second coordination sphere effects have been transferred
to synthetic molecular catalysts, resulting key for the exponen-
tial growth of reaction rates experienced in the last decade for
reactions such as the OER,[111] HER,[112] and CO2RR.[113] How-
ever, their implementation to nanocatalysis has been hampered
by the intrinsically difficult characterization of surface-bound
species, resulting in a lack of rationally designed catalysts at
the nanoscale. Tailored NP surface-functionalization by the syn-
thetic methods described in Section 2 coupled to operando char-
acterization techniques pave the way to exploit second coordina-
tion sphere effects in nanocatalysis. However, examples are still
scarce.

4.1.1. OER

Intramolecular second coordination sphere effects have shown
to be key in lowering the activation energy at the rds when
well-defined molecular complexes are used to catalyze the

OER.[111] Combined experimental-computational works show
how dangling basic substituents (i.e., carboxylate or phosphonate
groups) act as proton transfer relays and accelerate the reaction
kinetics.[114,115] Analogously to molecular complexes, the nonco-
ordinated carboxylate groups present in a NiFe coordination poly-
mer have been identified as dangling basic substituents able to
act as proton transfer relays in heterogeneous surfaces, thus shut-
tling protons from the catalytic surface and accelerating the reac-
tion kinetics.[116] At the NP scale, we have recently shown how
carboxylates formed by the surface-oxidation of a carbon fiber
(CF) likely act as proton acceptor moieties (internal bases) in a hy-
brid electrode, Co(OH)2@CF, made of supported, 2 nm in size,
Co(OH)2 NPs. Carboxylate groups are suggested to lower the ac-
tivation free energy that leads to O2 formation during OER under
alkaline conditions (Table 1, entries 9–10).[117] Unfortunately, the
low metal loading in the carbon support prevented further exper-
imental characterization of the active species and their dynam-
ics. In the same vein, Sun and co-workers have recently reported
on the proton transfer effects in the second coordination sphere
of molecularly surface-functionalized 1–4 nm NiO NPs and their
partial relationship (together with electronic modulation, see Sec-
tion 3) with their outstanding OER performance (Table 1, entries
3–8).[79] Electron-withdrawing (C6F5─) aromatic ligands (in con-
trast to electron-donating (MeO)C6H4─ ligands) show a specific
proton affinity, which promotes proton shuttling, accelerating the
deprotonation of Ni(OH)2 in the formation of NiOOH, key inter-
mediate species needed for effective O2 evolution. In this case,
operando Raman characterization under electrocatalytic condi-
tions allowed to investigate the relationship between the nature
of the capping ligands, the behavior of the active species and the
observed electrocatalytic performance.

4.1.2. CO2RR

Substituents in the second coordination sphere of surface-
functionalized metal NPs have been shown to interact with CO2
molecules, increasing the concentration and assisting the activa-
tion of this inert gas at the nanocatalyst surface, thus promot-
ing both the activity and selectivity of the nanocatalysts in the
CO2RR. Functionalized Au and Ag NPs have been the systems of
choice for these studies given the high activity and selectivity of
these noble metals toward 2e− reduced species (i.e., CO) and the
relatively stable and well-known coordination chemistry at their
surface.[85,86,118–121]

Two examples by Wang and co-workers[85,86] combining elec-
trocatalytic techniques, operando ATR-IR spectroscopy and com-
putational modeling, describe second coordination sphere effects
for face-centered cubic crystalline Ag[85] and Au[86] NPs when sta-
bilized with a self-assembled monolayer (SAM) of cysteamine
(CA, Figure 6) coating ligand. The presence of dangling amine
groups increases the CO2RR activity toward CO evolution of the
surface-functionalized nanocatalysts by increasing the reactivity
of CO2 molecules and suppressing the competitive HER (Ta-
ble 3, entries 3–6). The ─NH2 groups form H bonds that sta-
bilize chemisorbed CO2 molecules at the NP surface and facil-
itate CO2 activation (overpotentials decrease by ≈0.3 V). The so-
assisted chemisorption of CO2 is lost when the alkyl chain is elon-
gated (because of geometrical constraints) or when a nonbind-

Adv. Energy Mater. 2023, 13, 2300282 2300282 (12 of 25) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2023, 21, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202300282 by U
niversité D

e T
oulouse 3, W

iley O
nline L

ibrary on [27/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 6. Representation of Cysteamine ligand on Ag or Au NPs interact-
ing with CO2 by H-bonding prior to chemisorption of CO2 onto the NP
surface. Adapted with permission.[85] Copyright 2018, American Chemi-
cal Society.

ing group replaces the amino terminal group. Other examples by
Buonsanti and co-workers[119,120] describe the use of bridging imi-
dazolium (IM) salts between an anchoring functionalized-phenyl
group and an alkyl tail (see Figure 7 in Section 4.2) in crystalline
Ag NPs or in cubic Cu nanocrystals. In these studies, the electro-
static attraction between the positively charged IM and CO2 helps
the CO2 approach to the surface of the catalysts, therefore increas-
ing their activity toward the desired reduction product (CO for Ag
NPs and formate for Cu NPs, Table 3, entries 27–35). However,
steric hindrance also plays a crucial role in the selectivity toward
CO, as it will be described in Section 4.2.

Stabilizing effect of second coordination sphere hydrogen
bonds has also been described for polymeric stabilizers. Two
representative examples have been reported by Niu and co-
workers[118] and Zou and co-workers[121] for fcc crystalline Ag[118]

and Au NPs[121] coated with polyacrylamide (PAM) and polyvinyl
alcohol (PVA), respectively. In both cases, the hydrogen bonds
formed between the amide NH2 (PAM) or OH (PVA) functional
groups and the O atoms of the CO2 molecules facilitate their
adsorption and allow the stabilization of the key *COOH inter-
mediate formed before the evolution of CO, as demonstrated by
DFT calculations and operando ATR-IR measurements.[118] This
allows to increase both the selectivity and activity of the catalysts
toward CO formation (Table 3, entries 38–41).

In summary, the works discussed in this section highlight the
suitability of NP surface functionalization to induce second coor-
dination sphere effects in electrocatalysis. Despite a still reduced
number of examples, they show the capacity of bifunctional cap-
ping ligands to interact with the substrate molecules (i.e., CO2,
which is activated and concentrated at the NP surface) and reac-
tion intermediates (for proton shuttling in the OER mechanism),
thus positively impacting on the overall electrocatalytic output.
Again, operando characterization techniques (i.e., ATR-IR) are
key role to unravel the role of the capping ligand.

4.2. M─L Bond Strength and Mass Transfer Effects

The coordination capacity of the anchoring group determines
the extent to which surface-active sites are blocked. Also, the

chemical nature and volume of the ligand backbone influence
the mass transfer (i.e., H+/H2O, CO2, etc.) from the electrolyte
to the catalyst surface by steric, electrostatic and/or hydropho-
bic/hydrophilic interactions. These effects are often mixed and
not easy to distinguish for each metal–ligand combination. The
following subsections, focused on HER and CO2RR, intend to
shed some light on the general trends observed.

4.2.1. HER

A survey of the literature in HER[72,122,123] shows that M–L combi-
nations with moderate bond strength, low steric hindrance, and
high proton affinity/hydrophilicity are desirable to maximize the
HER activity.

Seminal examples can be found in the works of Cossairt and
co-workers with surface-functionalized WSe2

[72] NPs and CoP[123]

NPs. In both cases, ligand stripping with the Meerwein’s reagent
allows to examine the direct influence of ligand coverage on the
HER activity. First, Wse2 NPs were prepared using dodecylamine
(DDA) as stabilizing ligand and compared with ligand-free NP
counterparts (Table 2, entries 2–3).[72] Removal of DDA provoked
only a modest increase in the surface area of the nanocatalyst
(ECSA changes from 17.6 to 40.8 cm2), but a clear decrease
of its HER overpotential (by 118 mV). The authors explain the
higher catalytic overpotential of the DDA-capped NPs as a com-
bination of the steric hindrance inferred by the ligands, blocking
the H+/H2O substrates to reach the active catalytic centers, and
the detrimental electronic effect of the DDA ligands, which dis-
place ΔGH* to negative values (see Section 3.1). Then, they stud-
ied the HER electroactivity of CoP NPs stabilized with carboxy-
late (acetate, octanoate, and oleate) and amine (oleylamine, octy-
lamine, dioctylamine, trioctylamine, and butylamine) capping
ligands following a similar methodology (Table 2, entries 10–
13).[123] This study allowed assessing the effect of different M─L
bond strengths and chain lengths in NPs of identical size. For the
carboxylate-capped CoP system, the HER overpotential increases
up to 250 mV from acetate to oleate, showing that surface lig-
ands prevent catalysis by inhibiting the access of H+/H2O to sur-
face active sites rather than poisoning them. If the latter were
the case, all carboxylates would show similar activity regardless
of the chain length. Interestingly, by using primary alkyl amines
as capping ligands a different trend is observed, with constant
HER overpotentials irrespective of the length of the alkyl chain.
ECSA and thermogravimetric analysis (TGA) measurements ex-
plain this trend, showing lower ligand densities of amine ligands
at the NPs surface compared to the carboxylate analogues. The
lower ligand density, attributed to the weaker coordination capac-
ity of oleylamine, eases the access of the substrate to the catalytic
active sites. The quantitative analysis of ligand loading at the sur-
face of identical size NPs is valuable and informative. When the
data are combined with electrocatalytic benchmarking, it allows
to stablish a meaningful comparison of the influence of the cap-
ping ligands employed.

Using the organometallic approach to synthesize metal NPs
(see Section 2 for more details about this method), we have also
provided examples where a moderate Ru─L bond strength, en-
suring a high number of accessible surface sites while still ben-
efitting from the electronic modulation exerted by the capping
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Figure 7. Surface-functionalized Ag nanocrystals with modular imidazolium ligands A) and graphical representation of the ligand alkyl chain properties
versus attained Faradaic efficiency B). Adapted with permission.[120] Copyright 2019, Royal Society of Chemistry.

ligands (Section 3), is key for obtaining excellent HER electro-
catalysts. A prominent example is the Ru4PP system, 1.5 nm
Ru NPs stabilized by the 4-phenylpyridine (4PP) ligand.[76] This
nanocatalyst shows excellent HER activity (𝜂10 = 20 mV, Tafel
slope (b) = 29 mV dec−1) and clearly outperforms its “ligand-
free” Ru-MeOH/THF counterpart (𝜂10 = 83 mV, Tafel slope (b)
= 46 mV dec−1) prepared under identical conditions but with
only MeOH and THF solvents as stabilizers (Table 2, entries 7
and 9).[77] The 4PP ligand provides a moderate ligand adsorption
energy (DFT data) and appropriate electronic modulation (see
Section 3), which leads to the outstanding HER activity.

The importance of a moderate M─L bond strength for at-
taining high HER electroactivity with surface-functionalized NPs
is also highlighted in a work by Giner-Casares and co-workers
about citrate-capped Au NPs.[122] The excellent performance of
this nanocatalyst (Table 2, entry 14) is attributed to the weakly
bonded citrate ligands, which efficiently stabilize the Au NPs
while preserving enough free surface sites. Additionally, the work
evidences the highly negative surface charge density induced by
the ligand, increasing the number of hydronium (H3O+) ions at
the electrochemical interface by an electrostatic interaction, thus
decreasing the activation energy for HER electrocatalysis.

4.2.2. CO2RR

In the last 5 years, the key role ligand-capping plays in tailoring
the solid/liquid interface in CO2 electroreduction, thus influenc-
ing both activity and selectivity, has become evident.[124–126] Re-
ports on Au,[70,89,127,128] Ag,[87,120] and Cu-based[126,129] nanoscale
electrocatalysts highlight how subtle is the balance between inter-
woven parameters, such as ligand coverage, M─L bond strength,
steric hindrance, and hydrophilicity/hydrophobicity. The latter
will be illustrated hereafter.

A report by Wang and co-workers[127] shows the benefits of
coordinating a moderate amount of hydrophobic linear alkyl
amines (propylamine, hexylamine, oleylamine, or ethylendi-

amine) at the surface of rGO-supported ultrasmall (≈2.4 nm) Au
NPs (≈30% FE improvement toward CO formation vs the corre-
sponding bare system; see Table 3, entries 44–47). According to
DFT calculations on Ag NPs,[87] amine ligands improve CO selec-
tivity versus H2 evolution by adsorption at under-coordinated cor-
ner sites, which favor the stabilization of CO2RR intermediates
(*COOH) in the surrounding sites. Interestingly, Wang and co-
workers[127] show that CO formation is hindered (thus promot-
ing H2 evolution) when bigger Au NPs (≈11.7 nm) are function-
alized with alkylamines, or when the surface of the 2.4 nm Au
NPs is functionalized with either a bulkier branched polyamine
(polyethyleneimine) or linear alkylamines at higher surface cov-
erage than the original system. Bigger NPs, with a lower propor-
tion of undercoordinated sites for amine binding (favorable sites
for *COOH stabilization) make the 11.7 nm Au NPs less CO se-
lective, yielding similar FE for both bare and ligand-capped sys-
tems. The use of either amines with a higher density of anchor-
ing groups (and thus stronger Au─ligand bonding) or a higher
surface coverage of linear alkylamines depress CO formation
through steric hindrance (obstructing CO2 mass transfer) and/or
the blocking of catalytic surface sites, decreasing the selectiv-
ity versus HER. The same inverse relationship between ligand
bulkiness and CO selectivity has been described by Yang and co-
workers when modulating the bulkiness of N-heterocyclic car-
bene (NHC) capping ligands at the surface of ≈7 nm Au NPs.[89]

Another sound example in which tailored ligand capping al-
lows to fine-tune the solid/liquid interface in CO2 electroreduc-
tion has been reported by Buonsanti and co-workers.[120] With
Ag NPs as model catalysts, a family of modular imidazolium lig-
ands with different functionalities (i.e., anchoring groups, alkyl
chain length, Figure 7, left) have been studied to adjust the ac-
tivity and selectivity of the resulting hybrid nanocatalysts toward
the CO2RR to CO (yielding FE up to 90%, Table 3, entries 27–
33). As discussed in Section 4.1.2, the imidazolium group acts
as a CO2-capture motif, improving CO production by concentrat-
ing the reactant at the catalyst surface. The introduction of alkyl
chains of different length onto the imidazolium scaffold affects
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both the hydrophobic and steric properties of these surface lig-
ands, thus impacting on both the intrinsic activity (jCO) and the
selectivity toward CO formation (FE, see Figure 7, right) of the
nanocatalysts. As the tail length of the ligand increases, the per-
meability of both H+/H2O and CO2 through the ligand shell de-
creases, thus lowering the overall activity of the catalytic systems.
However, longer alkyl chains increase the hydrophobicity of the
catalyst surface and disfavors HER in front of CO2 electroreduc-
tion. An optimum situation is reached for medium-length alkyl
tails (octyl chains, Figure 7, right). This work shows the impor-
tance of reaching a proper balance between ligand hydrophobic-
ity and steric hindrance to attain surface-functionalized nanocat-
alysts able to selectively yield the desired CO2RR products at rel-
evant catalytic rates.

The above examples show that surface-functionalization is a
proper way to fine-tune the CO2RR properties of metal catalysts
at the nanoscale, influencing the key figures of merit (activity,
selectivity, and stability). Therefore, unravelling the fate of the
employed ligands under turnover conditions is of outmost im-
portance. Even if still relatively unexplored, some reports have
recently tackled this challenge.[119,128–131] The encountered results
are highly case sensitive (depending on numerous factors such as
the M─L bond strength of the combined organic/inorganic com-
ponents, the NPs size and morphology, etc.), but highlight the
importance of a detailed study on the ligand fate and long-term
role to rationally design improved electrocatalysts.

A first relevant example is the report by Baker and co-
workers,[128] where the fate and role of dodecanethiol (DDT) at
the surface of Au NPs (≈2 nm) for CO2RR is studied in compar-
ison with bare and PPh3-caped Au NPs and DDT-capped flat Au
surfaces (Table 3, entries 48–51). During the first minutes under
negative potential, DDT partially desorbs from the Au NPs sur-
face but remains at lower surface coverage at longer times. On the
contrary, both DDT on flat Au surfaces (where the Au-DDT bond
strength decreases) and PPh3 on ≈2 nm Au NPs fully desorb un-
der identical conditions. The long-alkyl chain ligand clearly im-
proves the selectivity of the colloidal catalyst (presumably due
to its hydrophobic nature) and enhances its stability against the
deposition of poisoning cationic metals present in solution (i.e.,
trace Zn2+). The corresponding bare Au systems (as-prepared or
after PPh3/DDT desorption via UV-generated ozone) are quickly
poisoned under the same reaction conditions. Thus, DDT cap-
ping on small Au NPs forms a selective and durable molecu-
lar layer that allows CO2 molecules to reach the catalyst surface
but prevents surface poisoning by blocking the access of solvated
Zn2+ cations, which are bigger in size (≈5 nm).

Buonsanti and co-workers have studied the fate of surface lig-
ands on Cu nanocrystals (Cu NCs) and the correlation with the
M─L bond strength[129] and the morphology[119] of the nanocrys-
tals. In a first work,[129] Cu NCs (≈5 nm) were synthesized in the
presence of trioctylamine and tetradecylphosphonic acid. After-
ward, the stabilizing ligands were removed by treatment with the
Meerwein’s reagent and substituted by oleylamine (OLAM), oleic
acid (OLAC), dodecanethiol (DDT), trioctylphosphine (TOP),
trioctylphosphine oxide (TOPO), or tetradecylphosphonic acid
(TDPA). Combined electrochemical analysis (Table 3, entries 52–
57), surface characterization (XPS, EIS) and DFT calculations
(metal–ligand bond enthalpies) allowed stablishing the M─L
bond strength as a good predictive descriptor for the fate of the

studied capping ligands under negative bias. Therefore, this sem-
inal study allows classifying the used capping ligands (Figure 8)
according to their labile (TOPO, OLAM, TDPA and OLAC), bor-
derline (TOP) or nonlabile (DDT) character under turnover con-
ditions. In the case of the Cu NCs studied in this work, the
strongly coordinating and more persistent DDT ligand decreases
the FE for CO2RR products and shows the lowest intrinsic ac-
tivity among all assayed ligands. On the contrary, labile ligands
electrodesorb from the NCs surface under negative bias, showing
comparable CO2RR electroactivity to bare Cu NCs. These results
are sound and pave the way toward a rational choice of the sur-
face species according to the desired role (impacting or not the
final catalytic output).

In another seminal work, Buonsanti and co-workers have
shown the importance of the structural stability of the nanocat-
alysts when the surface-functionalization strategy is applied to
improve the catalysis performance.[119] In imidazole-capped cu-
bic (36 nm) Cu NCs, the imidazole ligand promotes CO2RR over
HER through electrostatic interactions with the CO2 substrate
and reaction intermediates (see Section 4.1 above). In contrast,
spherical (24 nm) Cu NCs suffer from surface reconstruction un-
der negative potentials, ejecting the surface ligands, thus losing
the benefits of surface-functionalization (Table 3, entries 36–37).
This work highlights the need of designing structurally stable cat-
alytic systems by the appropriate M─L combinations.

The previous examples show that the electrodesorption of the
NP capping ligands from the NP surface under the cathodic po-
tentials required to drive the CO2RR is a common phenomenon
affecting their catalytic performance. However, Yang and co-
workers[130,131] recently reported that the desorbed ligands can
remain close to the NPs, order in a layer around them and still
have a prominent impact on the electrocatalytic output. In this
foundational work, a general evolution trend has been identified
when using Au NPs or Ag NPs capped by long-chain ligands as
CO2RR electrocatalysts (under negative bias), which involves lig-
and decoordination followed by the formation of a NP/ordered-
ligand interlayer (NOLI) state (Figure 9). The NOLI state acts
as a durable (stabilized by intermolecular interactions between
the decoordinated-physisorbed ligand chains in an enzyme-like
mode) and specific (highly selective) catalytic pocket, which is
preserved under negative applied bias and boosts CO produc-
tion (by 2 orders of magnitude over bare NP systems; see Ta-
ble 3, entries 58–59), disfavoring other competitive reactions
(i.e., HER). Combination of electrochemical analysis (CV, bulk
electrolysis), high-resolution microscopy (HR-SEM/TEM), and
surface-sensitive spectroscopic techniques (XPS, SFG, EIS) al-
lows the authors to explain the collective behavior of the NP sur-
face ligands and the catalytic microenvironment responsible for
the outstanding catalytic properties of the NOLI state. The poten-
tial transfer of this strategy to first-row transition metals has still
to be mastered and will be a stimulating area of research in the
near future.

In summary, the use of hydrophobic ligands (i.e., alkylamines)
or surrounding ligand pockets (i.e., NOLI) has been proven to
be beneficial to increase the selectivity toward CO2 electroreduc-
tion products by impeding the diffusion of competing H+/H2O
substrates to the NP surface.[88,120,127] However, caution must be
taken with the bulkiness of the ligands[89,120,127] and the degree of
surface coverage.[127] Both the use of branched/long alkyl chain
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Figure 8. Ligands used by Buonsanti and co-workers.[129]

Figure 9. Generation of a NP/ordered-ligand interlayer (NOLI) state from ligand-capped NPs upon biassing under CO2 electroreduction conditions
(typical conditions: 0.1 m KHCO3 saturated with 1 atm CO2). Adapted with permission.[131] Copyright 2021, American Chemical Society.

ligands and high densities of ligands at the NP surface sterically
prevent the CO2 substrate to reach the metal active sites.

5. NPs Surface-Functionalization in
Photo(electro)Catalysis

Metal-based NPs can be used in photo(electro)catalytic transfor-
mations as light absorbers (out of the scope of this review),[132]

catalysts or photocatalysts (i.e., the NPs are able to both absorb
light and drive the catalytic process).[133] In photo(electro)catalytic
systems, the charge will be provided by the light absorbing unit
upon light-driven charge separation. This is a complex process
that starts with the excitation of one electron from the highest
occupied level (HOMO for molecules, valence band for semicon-
ductors) to the lowest unoccupied one (LUMO for molecules,
conduction band for semiconductors). This only takes place
when light of the appropriate energy (same or higher than the
one between the two levels, the bandgap) is absorbed. Hence,
the amount of absorbed light and the energy of the photogen-
erated charges will depend on the intrinsic optical properties
of the light absorber. The photogenerated charges (excited elec-
trons) can suffer from multiple recombination reactions (pho-
togenerated charges that relax to their initial state). These pro-
cesses can occur at different timescales depending on the na-
ture of the recombination reaction:[134] i) ultrafast time scales, re-

combination between electrons and holes before being spatially
separated; ii) micro to second timescales, recombination of spa-
tially separated charges. These processes will strongly depend on
the nature of the light absorbing unit, which can be a molecule,
a metal coordination compound or a bulk semiconductor (inor-
ganic, organic, or hybrid). In consequence, modulating all these
charge transfer processes (accelerating the favorable ones and
slowing down the unfavorable ones) is pivotal to deliver an ef-
ficient system.[135] In particular, the charge transfers between the
light absorbing unit and the catalyst are of paramount impor-
tance and can be modulated by adjusting the interaction between
these two components.[136]

Taking advantage of the surface functionalization of
metal/metal oxide NPs, several strategies (Figure 10) have been
used to design and modulate photo(electro)catalytic processes:
i) dyad systems (Figure 10a), where the NPs are surface func-
tionalized with a light absorber and combined with a sacrificial
electron-donor/acceptor in photocatalysis; ii) photoelectrochem-
ical systems based on dyad systems attached onto transparent
semiconductors (Figure 10b); iii) photoelectrochemical systems
based on the direct attachment of surface functionalized NPs
onto a light-absorber semiconductor (Figure 10c). In all these
strategies, the light absorption and the catalytic act take place at
different parts of the photo(electro)catalytic system; the former
at the light absorber (molecular dye or semiconductor material)
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Figure 10. Schematic representation of three different strategies to use functionalized NPs in photocatalysis. All the energy levels are match for OER as
an example. a) Dyad system, where the NP is functionalized with a molecular photosensitizer used in a three-component system. b) The dyad attached
to a transparent semiconductor to be used as a photoelectrode. c) The NP is functionalized with molecules able to interact with a semiconductor which
can directly absorb visible light. In the figure PS = photosensitizer, SEA = sacrificial electron acceptor; CB = conduction band; VB = valence band.

and the latter at the catalytic NP. This allows to spatially sep-
arate the photogenerated charges, slowing down the different
recombination reactions and, at the same time, enhancing the
kinetics of the desired catalytic process.[28] These strategies
(Figure 10) are further discussed in the following subsections
(5.1–5.4) and imply a major role of the NP surface ligands on
the charge transfer processes between the light absorber and the
nanocatalyst.

In contrast, other reports in photo(electro)catalysis describe
surface functionalized NPs as mere catalysts, their main role
being the use of the photogenerated charges to carry out the
desired catalytic process. In this case, ligands can play similar
roles to those described in electrocatalysis (Sections 3–4), affect-
ing both the activity and the selectivity of the processes depend-
ing on the properties (i.e., hydrophobicity, bulkiness) and ener-
getic modulation of the reaction intermediates exerted by the
capping ligands. An example of this can be found in the work
of Kim and co-workers on the gas-phase photocatalytic reduc-
tion of CO2 by surface-functionalized Cu2O–NPs with organic
molecules (taurine (TAU) and ethylenediamine (EDA)) and de-
posited onto TiO2.[137] This work shows how the ligand–metal
interaction modulates the binding energy between the Cu sites
and the key *COOH and *CO intermediates, thus determining
the selectivity of the photogenerated products. NPs functional-
ized with an excess of TAU ligand present a higher selectivity to-
ward CH4 evolution than the corresponding EDA-functionalized
ones, which preferentially produce CO. The weaker metal-CO
interaction induced by the EDTA ligand promotes the evolu-
tion of this gas and hampers the attainment of further reduced
products.

5.1. Dyad Formation

The dyad approach has been used for both HER and
OER.[56,138–141] In all cases, a molecular metal complex-type
photosensitizer (PS) is used to modify the nanocatalyst surface
via the PS anchoring onto the NPs thanks to pending groups
in the ligands of the complex. This modification allows the
NPs to perform light driven reactions either using a sacrificial
agent (Figure 10a) or being supported onto an electrode in a
photoelectrochemical system (Figure 10b,c).

Following the first strategy (using a sacrificial agent), we have
covalently grafted a molecular Ru PS ([Ru(bpy)(bpyP2)2], where
bpyP2H2 = P,P″-[2,2″-bipyridine]-4,4′-diylbis-phosphonic acid)
at the surface of ≈3 nm prestabilized Co3O4 NPs (Figure 11), and
tested the resulting hybrid dyad in the OER under photocatalytic
conditions.[56] Interestingly, the separated counterparts (a phys-
ical mixture of PS and Co3O4 NPs) did not present any activity,
highlighting the importance of their close proximity for the elec-
tron transfer to occur. In addition, in this work we have demon-
strated that more PS units on the surface leads to a better perfor-
mance due to the higher amount of photogenerated charges and
the protection of the catalytic entity against aggregation.

A second example has been reported by Mallouk and co-
workers. They prepared a wide family of IrO2-[Ru(bpyR2)3]
(bpyR2H2 = 4,4″-dicarboxylic acid-2,2″-bipyridine (dcb) or 4,4″-
diphosphonic acid-2,2″-bipyridine (dpbpy)) and IrO2-[Ru-
(bpyR2)2(bpyR′2)] (bpyR2H2 = 4,4″-dicarboxylic acid-2,2′-bipyri-
dine (dcb); bpyR″2 = [bpy(CONHSA)2]4− where CONHSAH2 =
2,2″-[[2,2″-bipyridine]-4,4′-diylbis(carbonylimino)]bis-succinoic
acid) dyads (see Figure 12 for a drawing of a representative
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Figure 11. Scheme for the synthesis of Co3O4-[Ru(bpy)(bpyP2)2] NPs. bpy= 2,2′-bipyridine; bpyP2= 4,4″-bis(phosphonic acid)-2,2″-bipyridine. Adapted
with permission.[56] Copyright 2018, Elsevier.

Figure 12. Schematic drawing of a photoelectrochemical OER device
based on a TiO2 photoanode doped with Ru-IrO2 dyads and a Pt cath-
ode. Adapted with permission.[141] Copyright 2009, American Chemical
Society.

structure), and tested them as OER colloidal photocatalysts,
reaching TONs up to 150.[139] Together with its role as light-
harvester, the PS acts, in this case, as a stabilizing agent to
obtain the desired NPs. In this regard, the authors highlight
the benefits of carboxylate groups (vs phosphonate analogues)
to stabilize IrO2 NPs, better protecting the as-prepared dyads
against aggregation.

Another work by Mallouk and co-workers[141] reports the use
of similar RuPS-IrO2 dyads supported onto the semiconductor
TiO2 as photoelectrodes. They prepared an heteroleptic Ru com-
plex containing in one hand a bipyridine ligand bearing a phos-
phonate group to anchor the dye onto the TiO2, and in second
hand a bipyridine ligand with a carboxylate group to stabilize the
IrO2 NPs and anchor the molecular Ru-based PS onto their sur-
face. Keeping the distance between dye and the TiO2 and the IrO2
NPs minimal resulted in a functional photoanode (Figure 12).

The main drawback of this system resulted to be the slow elec-
tron transfer between the dye and IrO2, as demonstrated using
transient absorption spectroscopy (TAS). As will be discussed in
the next subsection, this can be adjusted by modulating the redox
potentials of the dye or tuning the electron transfer by chang-
ing the distances between the different components of the sys-
tem. A more recent example by Tran and co-workers reports a
photoanode based on the covalent anchoring of a phosphonated

Ru-phenanthroline PS onto Fe@FeOx core/shell NPs and the
deposition of this dyad onto a fluorine doped tin oxide (FTO)
support.[138] The system showed to outperform, both in terms of
activity and stability, the OER performance of the photoelectrode
counterpart made of a physical mixture of PS and Fe@FeOx NPs.
No TAS data are reported in this case, and thus the origin of the
observed charge recombination remains unclear.

All in all, dyad formation seems to be a convenient approach to
improve the performance of OER photoanodes. However, charge
transfer analysis is frequently hampered by the low dye loadings
at the NPs surface and light scattering, thus hindering the ratio-
nal fine tuning of the photoelectrodes prepared by this strategy.

5.2. Modulation of the Electron Transfer

In a photo(electro)catalytic system, a key factor to attain a high
performance is to have an efficient charge transfer between the
light harvesting unit and the nanocatalyst. This can be tuned by
rationally designing the ligand to modulate the distance[141] and
the electronic coupling, or by changing the energetic levels to
make them more favorable. The following are representative ex-
amples of this strategy.

TiO2 photoanodes codoped with phosphonate-derived
[Ru(bpy)3]2+ and IrO2 NPs functionalized with a PSII tyrosine-
histidine mediator mimic (Figure 13) have been found to oxidize
water with double the quantum yield as their nonfunctionalized
counterparts.[55] Mallouk and co-workers proved, using flash
photolysis, that this improvement is due to the improved electron
transfer between the dye and the catalyst.

Also, surface-functionalization of myristic acid-stabilized
MnO NPs with different capping agents has been reported
to tune the OER activity of a WO3/BiVO4-MnO hybrid
photoanode.[142] This work by Nam and co-workers relates the
nature of the exchange species at the interface with changes in
the band edge energetic level of the MnO NPs. Surface BF4

− an-
ions were found to lower this energetic level (using UPS mea-
surements), facilitating the hole transfer from the WO3/BiVO4
light harvesting unit, resulting in enhanced charge separation
efficiency and OER performance. The opposite trend (increas-
ing the energetic levels, and thus disfavoring the charge transfer
from the BiVO4 to the MnO NPs) was observed when a Ca2+-
EDTA complex was used as NP stabilizer.
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Figure 13. Schematic drawing of a photoelectrochemical OER de-
vice based on TiO2 photoanodes codoped with phosphonate-derived
[Ru(bpy)3]2+ and IrO2 NPs functionalized with a PSII tyrosine-histidine
mediator mimic. Adapted with permission.[55] Copyright 2012, PNAS.

5.3. Passivation of the Semiconductor Mid Bandgap States

The passivation of mid bandgap states approach is only appli-
cable when the nanocatalyst is deposited/attached onto a semi-
conductor material (Figure 10c). Usually, the semiconductor
presents mid bandgap defect states (inherent to most semicon-
ductors due to the presence of intrinsic defects) that can act
as recombination sites, thus lowering the charge separation ef-
ficiency and consequently their final performance. The pres-
ence of stabilizers onto the semiconductor surface can alter
the concentration and energetics of these trap states. This ef-
fect has been widely studied in quantum dots, where surface-
functionalization can modulate the trap states, enhancing charge
separation and consequently leading to higher quantum yields in
photocatalysis.[143–145]

5.4. Combined Approach

A recent report by Wang and co-workers[146] on a WO3-CoOx pho-
toanode discusses the role of 3,3-diphosphonopropanate used
as the ligand to stabilize the CoOx nanocatalyst considering the
three approaches (5.1–5.3) described above. First, ligand coordi-
nation at the NPs surface stabilizes the formed CoOx nanocata-
lyst (approach 5.1). Second, similar to examples described in ap-
proach 5.2, the ligand is shown to be the responsible for the fast
and efficient charge transfer from WO3 to the CoOx nanocata-
lyst. Additionally, the 3,3-diphosphonopropanate ligand acts as a
spacer between WO3 and CoOx, slowing down the recombina-
tion processes. Finally, the presence of this ligand on WO3 was
demonstrated to increase the photogenerated charge, which was
associated with the decrease of the intrinsic WO3 trap states (ap-
proach 5.3).

In summary, when examining the role of surface ligands in
photo(electro)catalytic systems based on surface-functionalized
NPs, the following parameters need to be considered:

1) The ability of the ligand to stabilize the metal NP under
turnover conditions (i.e., preventing aggregation or sintering,
improving the dispersibility, etc.).[56,137,139,140]

2) The capacity of the ligand to modify the binding energy
of reaction intermediates or the redox surface chemistry of
the NPs, having a similar role as in electrocatalysis. How-
ever, care must be taken here when moving from electro- to
photo(electro)catalysis. In a photoactivated system, the NP en-
ergy levels need to be well aligned with those of the light har-
vesting unit (the electron transfer needs to be possible, and
therefore the electron needs to be transferred from a higher
energetic level to a lower one).[137,142]

3) The ability of the ligand (according to its chemical
nature[55,56,141] and length[146]) to modulate the electron
transfer rates (both forward and backward) between the
catalyst and the light harvesting unit, potentially lowering
down charge recombination and allowing higher charge
accumulation onto the catalyst.

4) The impact of the organic ligands in the light harvesting
unit. As shown in the case of semiconductors, surface-
functionalizing molecules can modulate the presence of trap
states, yielding more efficient charge separation.[146]

All the above interrelated aspects should be judiciously
considered when designing, characterizing and testing
photo(electro)catalytic systems based on surface functional-
ized NPs as catalysts. The examples in this section highlight the
potential of surface-functionalization as a tool for the design
of tailored photoelectrodes with enhanced performance. Un-
fortunately, the still short number of systems reported to date
(and thus the reduced photophysical data available to correlate
the nature of the catalysts with their properties/activity) com-
bined with the lack of standard benchmarking protocols in the
photo(electro)catalysis field[147,148] (difficulting the analysis of the
results) hampers the extraction of solid guidelines to rationally
design improved systems.

6. Conclusion and Outlook

The surface-functionalization strategy has recently arisen as a
promising and powerful approach to fine-tune the catalytic ca-
pacity of metal NPs in AP. The field has evolved fast in the last
decade thanks to the mechanistic understanding acquired from
the study of molecular species, which can be partially transferred
to the nanoscale, along with the development of reproducible
methods for the tailored synthesis of NPs and also of advanced
techniques for their characterization and modeling. The large va-
riety of coordinating species (i.e., ligands) offers limitless combi-
nations with the inexhaustible pool of metal/metal oxide mono-
or multimetallic NPs, ensuring access to a myriad of surface-
functionalized systems of assorted catalytic properties.

By now, the surface-functionalization strategy has been ap-
plied mostly for the reductive processes of AP, namely HER and
CO2RR, leaving the oxidation counter reaction (the OER) mainly
unexplored. Indeed, for the OER, only a few reports highlight the
beneficial role of i) carboxylate ligands at the NP second coordina-
tion sphere that boosts the reaction kinetics via proton shuttling,
and ii) electron-delocalization induced by ligand capping, that en-
hances the reaction kinetics by favoring the nucleophilic attack
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of water. The low implementation of surface-functionalization
strategies for the OER may result from the harsh oxidative condi-
tions in this reaction, which may compromise the stability of the
carbon-based capping ligands.

Surface-functionalized NP-based HER catalytic systems have
been more explored. The hydrogen adsorption energy is a well-
known descriptor to explain/predict the HER activity of a given
metal toward this reaction, which should be neither too high
nor too low to favor both the adsorption and desorption steps.
The examples in Section 3 show how the control over the elec-
tronic effects exerted by the ligands is the cornerstone to achieve
balanced hydrogen adsorption energies and, consequently, excel-
lent catalytic activities. These examples also highlight the impor-
tance of building realistic theoretical models based on experi-
mental data from spectroscopical, analytical, and electrochemical
characterization to better understand the correlation between lig-
and coordination and catalytic performance. This experimental-
computational approach will allow to consider relevant proper-
ties of the ligands such as their density, bulkiness, coordination
ability, electronic influence, etc., enabling the rational design of
ligand-functionalized HER nanocatalysts.

The inherently complex selectivity of the CO2RR (among CO2-
derived products and vs the concomitant HER in aqueous media)
makes the development of NP surface-functionalization strate-
gies still more appealing. However, the mixed effects of the sur-
face ligands (see Sections 3–5), all of them key on determin-
ing the final catalytic output, make the rational design of effi-
cient nanocatalysts via ligand-surface engineering still a great
challenge. Nevertheless, sound breakthroughs have been made,
for instance, in the electronic modulation of the key reaction
intermediates (i.e., *CO, *COOH, *H, etc.), whose stabiliza-
tion/destabilization dictate the final selectivity of the nanocata-
lysts. In this regard, due to a well-known surface coordination
chemistry and high selectivity for 2e−-reduced products, noble
metal (Au, Ag)-based systems dominate most studies and rep-
resent good model systems for more complex endeavors, en-
compassing Earth-abundant metals and more reduced products.
About the latter, the electronic modulation of Cu NPs with the
appropriate capping ligands have shown increased selectivity to
high-energy density C2+ products (see Section 3). Recently, Ni cat-
alysts bearing Ni𝛿+ surface sites have been reported to have a sim-
ilar reactivity for the first time.[149] Similar to the Cu case, favoring
Ni𝛿+ states by the appropriate capping ligands is a promising ap-
proach to efficiently produce Cn+ products from CO2 on catalysts
based on Earth-abundant metals. Relevant advances have also
been made in suppressing the parasitic HER by the engineering
of the NP-electrolyte interface. For instance, second coordination
sphere effects have shown to increase the local surface concentra-
tion of the CO2 substrate and assist its activation. Also, the proper
balance between ligand hydrophobicity and steric hindrance has
shown to be key on determining the nanocatalyst activity and se-
lectivity toward the desired products at a relevant catalytic rate.
For example, the use of hydrophobic ligands (i.e., alkylamines)
improves the selectivity toward the CO2RR by impeding the dif-
fusion of the competing H+/H2O substrates for HER. However,
a high surface coverage with bulky ligands (branched/long alkyl
chains) prevents the diffusion of the CO2 substrate toward the
NPs active sites, thus hampering the catalytic reaction. Besides
the steric volume of the ligand, the surface covered by the capping

ligands also relies with the M─L bond strength. Moderate values
of the latter are more favorable due to the good balance between
NPs stabilization and the number of available surface-active sites.
Finally, depicting the nanocatalyst structural stability/evolution
under operational conditions (structural changes can lead to the
total/partial ejection of surface ligands) is pivotal to understand
and predict the fate of surface ligands along the reaction and thus
to rationally design surface-functionalized NP systems of prac-
tical application. For instance, ligand ejection has shown to be
beneficial in certain cases for CO2RR, with the formation of NP-
ordered ligand interlayer (NOLI) systems such as those described
at the end of Section 4.2.

Photoactivated surface-functionalized systems present some
additional characteristics that need to be considered to rationally
design more efficient catalysts. The charge transfer between the
light absorber and the nanocatalyst and the recombination pro-
cesses (which impact on the system photo(electro)catalytic per-
formance) can be optimized by changing the nature/length of
the ligand/linker between them. For example, medium length
ligands are optimum, providing efficient charge transfer to the
nanocatalyst, while slowing down undesired recombination pro-
cesses. Additionally, when semiconductors are used as light ab-
sorbers, the presence of capping ligands at the nanocatalyst sur-
face can tune the quantity of trap states (usually responsible for
recombination processes), yielding more efficient charge separa-
tion.

The examples discussed in this review demonstrate that using
ligands to functionalize the surface of metal NPs may strongly
affect the final performance (both in terms of kinetics and se-
lectivity) in electro- and photocatalysis. This opens new avenues
to rationally fine tune the selectivity and activity of metal NPs
for different redox reactions, an analogous strategy to that fol-
lowed in molecular homogenous catalysis along several decades.
However, as also highlighted in the above sections, unravel-
ling the exact role(s) of surface species in the observed cat-
alytic output is still a challenge. The perceived effects are usu-
ally mixed and difficult to attribute to a single ligand contri-
bution (i.e., electronic, steric, hydrophobic, etc.). Therefore, the
full understanding of the role/fate of surface ligands under rel-
evant conditions requires correlation studies involving catalyst
benchmarking, cutting-edge operando characterization and re-
alistic (experiment-based) multiscale[98–101] theoretical modeling.
Catalyst benchmarking is relatively well stablished in electro-
catalysis, but almost nonexistent in photo(electro)catalysis,[147,148]

what hinders the meaningful comparison of light-driven sys-
tems and their ulterior rational improvement. This is a key gen-
eral challenge that the community of researchers working in
photo(electro)catalysis will need to urgently address. Also, ex-
ploiting the synergism between modeling (at different scales) and
advanced surface-sensitive characterization techniques (i.e., ToF-
SIMS,[78] TR-SERS,[102] etc.) is required to better comprehend
central (and mostly unexplored) aspects such as ligand coordi-
nation modes (and their evolution under turnover conditions)
and the dynamics of reaction intermediates[104] at the NPs sur-
face. The implementation of computational methods at higher
scales than conventional atomistic (DFT) modeling to guide sur-
face functionalization in catalyst design remains also unexplored.
The use of microkinetic methods[98] to identify critical reaction
intermediates and rate-determining elementary reactions as well
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as the use of fluid dynamics methods to consider real-life param-
eters of the employed cell/reactor is expected to positively impact
the field and streamline catalyst (re)design.[150] The findings of
this multidisciplinary approach will allow stablishing solid guide-
lines to rationally design the future generation of more efficient,
selective, and fast nanoscale catalysts for AP.
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