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SE-75120 Uppsala, Sweden
cDepartment of Materials, Imperial College

2AZ, UK. E-mail: a.walsh@imperial.ac.uk
dDepartment of Materials Science and Eng

Physics, P. O. Box 35, SE-751 03, Uppsala,
eEnergy Sciences Institute, Yale University, 5

06516, USA
fDepartment of Chemistry/Physics, Yale Uni

CT 06511, USA
gDepartment of Materials Science and Engi

Korea

† Electronic supplementary information
2085155. For ESI and crystallographic dat
DOI: 10.1039/d2ta00267a

Cite this: J. Mater. Chem. A, 2022, 10,
9582

Received 11th January 2022
Accepted 14th March 2022

DOI: 10.1039/d2ta00267a

rsc.li/materials-a

9582 | J. Mater. Chem. A, 2022, 10, 9
tion polymers with selective hole
conductivity†

Hannes Michaels, ab Matthias J. Golomb, c Byeong Jo Kim,b

Tomas Edvinsson, d Fabio Cucinotta,a Paul G. Waddell,a Michael R. Probert,a

Steven J. Konezny,ef Gerrit Boschloo, b Aron Walsh *cg and Marina Freitag *ab

Emerging technologies in solar energy will be critical in enabling worldwide society in overcoming the

present energy challenges and reaching carbon net zero. Inefficient and unstable charge transport

materials limit the current emerging energy conversion and storage technologies. Low-dimensional

coordination polymers represent an alternative, unprecedented class of charge transport materials,

comprised of molecular building blocks. Here, we provide a comprehensive study of mixed-valence

coordination polymers from an analysis of the charge transport mechanism to their implementation as

hole-conducting layers. CuII dithiocarbamate complexes afford morphology control of 1D polymer

chains linked by (CuI2X2) copper halide rhombi. Concerted theoretical and experimental efforts identified

the charge transport mechanism in the transition to band-like transport with a modeled effective hole

mass of 6me. The iodide-bridged coordination polymer showed an excellent conductivity of 1 mS cm�1

and a hole mobility of 5.8 10�4 cm2 (V s)�1 at room temperature. Nanosecond selective hole injection

into coordination polymer thin films was captured by nanosecond photoluminescence of halide

perovskite films. Coordination polymers constitute a sustainable, tunable alternative to the current

standard of heavily doped organic hole conductors.
In order to solve the present energy crisis and achieve carbon
net zero, emerging energy conversion and storage technologies
will be vital. Currently, they are limited by the use of inefficient,
unstable and expensive charge transport materials with little
tunability. Large knowledge gaps still exist in charge selective
and transporting materials for hybrid solar cells.1–4 As a conse-
quence, the development of new charge transport materials is
still far behind the efforts that have been made to develop light
absorbing materials or other components.5–9
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The requirements for charge transport materials in order to
perform efficiently in hybrid solar cells are: (i) suitable energy
levels adapted to the band gap of the absorbingmaterial, (ii) high
conductivity, (iii) facile processability, (iv) chemical and thermal
stability, and (v) composition based on abundant elements.

1D and 2D (low dimensional, nanowires and nanosheets)
coordination polymers (CPs) represent an unprecedented class of
charge transporting materials, which are formed by the assembly
ofmolecular building blocks.10–14 These building blocks consist of
a metal coordination complex, preferably based on earth-abun-
dant transition metals and organic/inorganic bridging and coor-
dinating ligands. The tunability of these hybrid materials offers
an almost innite number of chemical, structural and physical
properties. This allows the design of functional materials with
a variety of useful properties on-demand.

At the transition between molecular hopping and band
transport, the control of charge motion in coordination poly-
mers remains challenging.15 The electrical conductivity of
coordination polymers can be tuned from semi-conducting to
a metallic character, and even superconductivity has been
achieved.16–19 Conductivities of up to 2500 S cm�1 have been
reported, allowing the application of CPs as e.g. transparent20

and battery electrodes,21 water splitting catalysts22,23 and gas
sensors.24 The application of CPs in photovoltaic devices is an
intriguing new strategy, given the superior charge transport of
This journal is © The Royal Society of Chemistry 2022
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photon-separated electrons and holes over small organic
molecules.25–28

Perovskite solar cells are an ideal benchmarking system for
novel charge transport materials as a low-cost, tunable, and up
to 25%-efficient photovoltaic technology.29,30 The chemical
nature of halide perovskites demands a high level of compati-
bility and processability from charge-selective materials; the
implementation of sophisticated semiconducting materials
therefore remains challenging. Charge transport materials
needless of cationic dopants aid the long-term stability of solar
cells; furthermore, the cost of organic HTMs and vacuum-
evaporated noble metal electrodes has become the main
expense in the fabrication of PSCs.31 Based on carbon counter
electrodes, HTM-free devices can in principle be fabricated with
good efficiencies; however, the direct contact of the absorber
with the carbon counter electrode allows undesired electron
back-transfer (efficiencies around 16–18%).32–37

This work provides the rst comprehensive study from an
analysis of the charge transport mechanism in CPs for their
implementation in solar cells. We introduce a series of mixed
valence CuII/I coordination polymers, where the CuII units are
coordinated by two dithiocarbamate groups and linked into 1D
coordination polymers through rhombi of two CuI halides
(Fig. 1). The tunability of the CPs through their molecular
building blocks affords targeted design of amorphous semi-
conductor thin lms, which was studied by electrochemical
Fig. 1 Copper coordination polymers as hole conducting materials. (a) P
chain. (b) Energetic position of the frontier orbitals in relation to the halid
of the coordination polymers presented in this work.

This journal is © The Royal Society of Chemistry 2022
analysis, Raman spectroscopy and powder, single-crystal and
thin-lm X-ray diffraction.

With the synergistic effort between theory and experiment, the
rapid charge transport was identied to stem from copper-halide
conjugation along the polymer chains. The bridging halide
ligands govern the electronic conductivity of the CPs: the iodide-
bridged coordination polymer showed excellent electronic prop-
erties with a conductivity of 1 mS cm�1 and a hole mobility of
5.8 10�4 cm2 (V s)�1. The modeling of the charge transport based
on the copper-halide conjugation along the polymer chains gave
a modeled effective hole mass of 6me. In contrast to small
molecule semiconductors relying on nearest-neighbour hopping,
the CPs exhibit band-like transport at room temperature.

The CPs afford ultrafast charge extraction from halide
perovskite lms, shown by picosecond photoluminescence
spectroscopy. The coordination polymers function as excellent
hole conductors in 14%-efficient and durable carbon-based
perovskite solar cells – outperforming state-of-the-art organic
hole conductors (power conversion efficiency 8%).

Coordination polymers constitute sustainable, tunable
alternatives to inefficient, unstable and unsustainable heavily
doped organic semiconductors. This report answers a series of
fundamental questions regarding heterogeneous charge-trans-
fer in one-dimensional systems, interdependence on ligand
groups and the mechanics of charge transport, and brings the
anticipated wide-ranging applications of metalorganic
conductive materials closer.
olarons hop along a computational model of a coordination polymer
e perovskite valence and conduction band edges. (c) General structure

J. Mater. Chem. A, 2022, 10, 9582–9591 | 9583
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Fig. 2 Electronic and structural characterization of the coordination polymers. (a) Cyclic voltammograms and (b) extinction coefficients of
coordination polymers 1–3 (per repeating unit). (c) Raman spectra of coordination polymer 1 and its building blocks (compounds 4 and 6,
Fig. S1†).
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Results and discussion
Mixed-valence copper coordination polymers

The general preparation scheme of the presented copper coor-
dination compounds in this work was adapted from Ngo
et al.'s38 and Okubo et al.'s39 earlier reports and is documented
in the ESI (Fig. S1–S8†). Briey, the respective secondary
amines, diisobutylamine or diphenylamine, were deprotonated
(with LiOH$H2O or n-butyllithium) and reacted with carbon
disulde to give the respective dithiocarbamate lithium salts
(Li(S2CNR2), compounds 4 and 5). These were reacted with
CuCl2$2H2O to give CuII(S2CNR2)2 (compounds 6 and 7).
Complexation with CuBr$S(CH3)2 or CuI then gave the respec-
tive coordination polymers 1–3. Besides the deprotonation with
n-butyllithium, all steps were carried out between room
temperature and 80 �C, making this class of materials feasibly
accessible. We note that the molecular properties of the here
presented coordination polymers, such as the average degree of
Table 1 Electronic structure parameters for copper coordination polym

E0,1 vs.
SHE (V)

E0,2 vs.
SHE (V)

CuI2X2 HOMO
vac (eV)

1 0.62 0.79 �5.23
2 0.62 0.85a �5.29a

3 0.60 0.79 �5.23

a Estimate. b Per repeating unit.

9584 | J. Mater. Chem. A, 2022, 10, 9582–9591
polymerization, deserve more investigation than provided in
this study.

Cyclic voltammetry was used to analyse the redox potentials
of the coordination polymers (Fig. 2a and Table 1). Two redox
waveforms in each voltammogram show the different units
comprised in the polymers. The CuII dithiocarbamate units are
assigned to the rst wave of the polymers (Fig. S10 and Table
S1†), and the CuI halide units to the higher-potential wave. Due
to larger frontier orbital delocalization, the aromatic diphenyl-
amine dithiocarbamate ligand made the CuII units of polymer 3
somewhat easier to oxidize (0.60 V, all vs. SHE) than their
aliphatic counterparts 1 and 2 (0.62 V). On the other hand, the
iodide-bridged polymer 2 had a 60 mV more positive second
redox wave (0.85 V) compared to both bromide-conjugated
polymers 1 and 3 (0.79 V). The electrochemical measurements
were repeated in the presence of Lewis base 4-tert-butyl pyridine
(Fig. S11 and S12†). In the cyclic voltammograms of the corre-
sponding thin lms (Fig. S13†), assuming the copper(I) halide
ers 1–3

vs. lmax

(nm)
3lmax

((M cm)�1)
LUMO vs.
vac (eV)

424 21 400b �2.30
427 15 700b �2.38
438 27 600b �2.40

This journal is © The Royal Society of Chemistry 2022
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units as primary electron donors for the regeneration of light
absorbing materials, we nd the valence levels between
�5.25 and �5.3 eV vs. the vacuum level, just above e.g. the
[Cs,FA,MA]PbI3 valence band, commonly at �5.4 eV.40 The
polymers thus appear to be ideal hole acceptor materials.

The UV/Vis absorption spectra of the copper coordination
polymers are shown in Fig. 2b. From all three compounds 1–3,
similar spectra were recorded comprising a single visible tran-
sition around 430 nm (Table 1). A small red-shi is observed
comparing the aromatic polymer to the aliphatic ones owing to
less constraint of exciton localization. The absorption
maximum blue-shis about 10 nm upon polymerization
(Fig. S14 and Table S1†). The optically lowest unoccupied states
in the polymer lie at �2.3 to �2.4 eV vs. the vacuum level.

We are able to tailor the degree of crystallinity of the CPs
through CuII dithiocarbamate ligands: the powder diffraction
pattern of the aromatic polymer 3 shows a high level of crys-
tallinity, owing to p–p stacking along the polymers (Fig. S17†).
The aliphatic polymers 1 and 2 are less crystalline, indicated by
broader powder diffraction peaks. All isolated crystal structures
comprised residual unpolymerized trihalide salts of copper
dithiocarbamate complexes (Fig. S15 and S16†); however,
powder diffraction showed that the identied structures were
not representing the bulk compound (Fig. S17 and S18†).
Therefore, the ensemble of polymer chains in all materials takes
on either polycrystalline forms or amorphous states.

Towards implementation in thin-lm devices, compact
carrier-selective thin lms are required to avoid shunting los-
ses.37 Amorphous semiconductor thin lms of all CPs were
obtained by solution processing with the aid of a Lewis base, as
shown in Fig. S19.†

Fig. 2c presents the Raman spectra of polymer 1 and its
building blocks. A series of vibrations could be identied from
the ligand, namely C–C (421, 465 cm�1), C]S (807, 1149,
1235 cm�1) and CHx (1300–1500 cm�1) modes. Intriguingly,
none of these vibrations were visible when examining the
intermediate CuII building block, while reappearing in the nal
coordination polymers. A similar trend was observed from C–C
ring modes in the aromatic analogues (Fig. S20†). The
suppression of vibrations might be due to the crystal order in
the CuII dithiocarbamate compounds as analyzed by Ngo et al.38

The Raman responses were further compared between powder
and processed thin lms (Fig. S21†). The Raman spectra did,
however, not allow for direct observation of the insertion of
copper(I) halide units. Instead, we recorded the FT-infrared
spectra of all compounds from building blocks to the
Table 2 Charge transport parameters for copper coordination polyme
added for comparison

RT conductivity (S cm�1)

Spiro-MeOTAD (Li/tBP/Co) 3.7 � 10�4 (5 � 10�4) (ref. 41)
Spiro-MeOTAD (pristine) 1 � 10�7 (5 � 10�7) (ref. 42)
1 (tBP) 3.9 � 10�6

2 (tBP) 1.0 � 10�3

3 (tBP) 4.9 � 10�6

This journal is © The Royal Society of Chemistry 2022
coordination polymers; the characteristic vibrations of each
compound are listed under the respective preparation schemes
for reasons of clarity (Fig. S2–S8†). From the characteristic C^N
infrared vibration at 2224 cm�1 of coordinating acetonitrile
molecules we observed the appearance of copper(I) halide
blocks upon the formation of all polymers (Fig. S9†).

Charge transport

The polymers' hole mobility was measured in the space-charge
limited current domain in a FTO/PEDOT:PSS/1–3/Au sandwich.
The polymer thin lms were deposited with the additive of
4-tert-butylpyridine (tBP) to avoid pinhole formation,43,44 as
well as in this case, inhibit crystallization (Fig. S22†).
Reference measurements were taken for the well-studied
Spiro-MeOTAD (Fig. S25†), both in its pristine and
Li/tBP/Co-doped forms (Li: lithium bis(triuoromethanesulfonyl)
imide; Co: tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) tri
[hexauorophosphate], FK209), and literature values were repro-
duced in good accordance (Table 2 and Fig. S23†).41,42 Evaluating
the presented coordination polymers, the charge mobility in the
iodide-conjugated polymer 2 was much superior to both its
bromide analogues 1 and 3 (Fig. 3a and S24†). Compared to its
lighter homologue, the more polarizable iodide ion forms more
covalent copper-halide bonds.45 The hole mobility of iodide-
conjugated 2 of 5.7 10�4 cm2 (V s)�1 was greater than that of
doped Spiro-MeOTAD, despite not relying on any cationic addi-
tives (Table 2). In fact, we found that the addition of salts
promotes the nucleation of polymer crystallites and counteracts
the formation of uniform thin lms. The bromide-conjugated 1
and 3 both showed comparably low hole mobilities. Still, the
mobility of the aromatic polymer 3 was 2.5-fold higher than that
of the aliphatic 1, likely from p-conjugation between polymer
chains.13

Conductivities were measured on ne arrays of interdigi-
tated gold electrodes on sapphire substrates (Fig. S26†). At room
temperature, the conductivity of the iodide-bridged polymer 2
of 1 10�3 S cm�1 was two orders of magnitude larger than that of
both bromide analogues 1 and 3. The thermal activation of
charge transport was characterized by measuring the tempera-
ture dependence of the materials' conductivity (Fig. 3b). Moving
from the ambient atmosphere to vacuum (while at room
temperature), the conductivities of all materials dropped by at
least one order of magnitude. This is attributed to oxygen acting
as an indirect vacancy dopant and promoting the charge
transport, as reported for other organic/hybrid hole-conduc-
tors.46 The thermal dependence of conductivity followed an
rs 1–3 and reference material Spiro-MeOTAD. Literature values were

EA (eV) ln(A) mh (cm2 (V s)�1)

0.371 0.144 4.0 � 10�4 (4 � 10�4) (ref. 42)
0.503 �0.148 8 � 10�5 (1.6 � 10�4) (ref. 42)
1.29 2.68 1.1 � 10�4

1.68 4.33 5.8 � 10�4

2.01 4.34 2.4 � 10�4

J. Mater. Chem. A, 2022, 10, 9582–9591 | 9585

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta00267a


Fig. 3 Charge transport in the coordination polymers. (a) Space-charge limited current hole mobility and (b) temperature-dependent
conductivity of coordination polymers 1–3. (c and d) Band structure around the valence band of polymers 1 and 2 along high symmetry paths. (e
and f) Orbital projections of the top of the valence band for 1 and 2.
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Arrhenius relationship of s ¼ A exp(�EA/kBT). The extracted
barriers for the activation of charge movement were between 1
and 2 eV for polymers 1–3 and as such larger than those
extracted for Spiro-MeOTAD (<0.5 eV, Table 2 and Fig. S27†).47

Counterintuitively, the better-conducting polymer 2 had a larger
activation energy than the less-conductive bromide analogue 1.
The origin for high conductivity at room temperature stems
from large pre-exponential coefficients, which were four orders
of magnitude larger than that of Spiro-MeOTAD (Table 2).

To investigate the effect of conjugating halides on the
movement of charges along the polymer chains, we performed
calculations based on density functional theory. The structural
models were created based on the crystal structure proposed in
the work by Okubo et al.,39 with altered side chains attached to
the polymer backbone. Aer a relaxation of the full unit cell,
a single polymer chain was extracted as a model system for our
calculations. Relaxations were performed with the PBEsol
functional until forces were below the default threshold of
0.01 eV Å�1, rst on a tier 1 and subsequently on a tier 2 basis
set. All following electronic structure calculations then used
these relaxed structures and the hybrid functional HSE06. The
9586 | J. Mater. Chem. A, 2022, 10, 9582–9591
obtained band structures of 1 and 2 are shown in Fig. 3c and d,
along with the orbital projections of their valence bands at the G
point of the Brillouin zone (Fig. 3e, f and S28†). The superior
transport properties of polymer 2 become apparent in the
greater curvature of the valence band compared to polymer 1,
which, in a band transport picture, is related to greater hole
mobility. We used effmass48 for a quantitative analysis of the
band structures. This allows for a precise calculation of the
band effective mass, taking into account potential deviations
from parabolic bands.49 We calculate the effective hole mass of
1 to be 94.2me, around een times higher than that of 2 with
6.4me. These values qualitatively agree with the trend seen in
the experimental values of the mobility; however their absolute
values point to an intermediate regime between band and
hopping transport. It has to be noted that these calculations
assume an ordered crystalline structure and can thus only serve
as an indication of charge transport behaviour in the real
material. For many polymers, however, paracrystallinity does
not seem to be detrimental to conduction as long as the back-
bone remains intact, which is oen the case for high molecular
weight polymers;50 we thus expect our results to be an upper,
This journal is © The Royal Society of Chemistry 2022
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but not unrealistic limit. Nonetheless, the projected orbitals as
well as the band widths of the respective valence band show
higher wave function overlap of states located on copper sites in
2 than in 1.

Concerning hopping transport, an enhanced orbital overlap
implies a greater coupling element between hole polarons
located on copper sites and thus improved hole transport
through the iodine linkers polymer. In an attempt to model
polaronic transport directly, we used a number of methods to
investigate the localization of polaron states at the copper sites
with varying degrees of Hartree–Fock exchange in the HSE06
functional, such as substitution with Ni and initialization with
the resulting wave function, or a direct manipulation of the
bond lengths of the copper atom, resulting in states such as
those in Fig. 1a. We additionally used constrained DFT+U to
induce the localization of hole polarons on the three copper
sites along the polymer chains and calculated the thermal
activation barrier in a diabatic picture (Fig. S29†). The results
support the experimental nding of a higher barrier for
compound 2 than for compound 1 and conrm that the high
mobility can either not be described by band or hopping
transport alone, or that inter-chain or inter-phase charge
transfer plays an important role.

Evaluating the discussedmeasurements and computations of
electronic exchange in the presented compounds, we are able to
decipher the relationship between the structure and mecha-
nisms of charge transport in the coordination polymer
compounds. Indeed, the largest fundamental difference
between charge transport in the CPs compared to small organic
HTMs lies in the four orders of magnitude larger preexponential
factors A. The largest effect on electronic properties stems from
the halide X linking the polymer chain. The pre-exponential
factor in the iodide-conjugated polymer 2 was ve-fold higher
than that of its bromide analogue 1, and in turn showed two
orders of magnitude greater electrical conductivity (1 mS cm�1).
The origin is the more polarizable iodide ion, which allows
greater orbital conjugation between copper ions across the
halide linkers. The result is clearly visible in the computed band
structures (Fig. 3c and d), where the iodide conjugated polymer 2
shows much stronger carrier dispersion. The choice of
amine ligand R inuenced the charge transport to a lesser
extent; the aromatic polymer 3 showed a higher conductivity
(4.9 10�3 mS cm�1) than aliphatic polymer 1 (3.9 10�3 mS cm�1),
and an equally ve-fold larger pre-exponential factor, however
with a larger activation energy. As seen in Fig. 1a, the frontier
orbitals surrounding the copper centers do not strongly localise
onto the ligands, therefore, we can conclude that aromatic side
groups facilitate the charge exchange between polymer chains
rather than acting on the transport along the metal centers. In
fact, the orbitals along the polymer chains appear well-conju-
gated (Fig. 3e and f), such that charge transfer energies of up to 2
eV seem unlikely. Rather, inter-chain hopping might be the
limiting step in the charge transport. The charges need to be
transferred across non-conjugated aliphatic groups, where
a larger barrier appears reasonable. A picture where high-energy
inter-chain hopping needs to be activated (large EA) to connect
well-conjugated polymer chains (large pre-exponential factor A)
This journal is © The Royal Society of Chemistry 2022
seems likely. For the fabrication of thin lms, the side moieties
played an important role towards solubility in different solvents
and wetting of various surfaces.

Due to the unusual behaviour of the investigated
compounds compared to other charge transport polymers, that
the conductive properties of coordination materials improve
upon amorphization, as readily noted by Grätzel and
coworkers,51 a study of the inter-chain properties in a static
manner is unlikely to capture the important effects. At this
point, we were not able to conduct dynamic studies of the
materials; this is something we hope to address in the future.
Photovoltaic cells

In contrast to many charge extraction materials that have been
demonstrated for photovoltaic cells, copper complexes function
as extremely rapid quenchers of light absorbing materials even at
driving forces as small as 100 mV.52 Here, we probed the
quenching of organohalide perovskites with both steady-state and
picosecond photoluminescence spectroscopy (Fig. 4a and b).
Halide perovskites were selected as sophisticated light absorbing
materials to demonstrate coordination polymers as a new class of
charge transport materials, as these perovskites have shown to be
challenging materials throughout processing stages. Processed
onto a bare microscope slide, [Cs0.01FA0.91MA0.08]PbI3$0.45 MACl
perovskite lms show strong band-to-band emission at 790 nm
(Fig. 4a), in accordance with the incident-photon-to-current-
conversion efficiency (IPCE) spectrum (Fig. 4d). When lms of
hole-accepting coordination polymers were deposited, the relative
quenched intensities (e.g. 10% for coordination polymer 2) were
signicantly lower than those recorded with reference HTMs
Spiro-MeOTAD (18%) and poly(3-hexyl thiophene) (P3HT, (32%),
Fig. S30a†).

Next, we measured time-resolved photoluminescence traces
at the emission maximum (Fig. 4b and Table S5†). The two main
photoluminescence lifetime constants of bare perovskite layers
(1.3 (37%) and 4.3 ms (60%)) correspond very closely to the
literature,53 and photoluminescence lifetimes above 1–2 ms are
generally considered evidence of high-quality, low-recombina-
tion halide perovskite thin lms.54 As in the steady-state
measurements, we found clear evidence for rapid transfer of
charges upon light absorption from the perovskite to the polymer
layers. Carrier diffusion lengths generally exceed the lm thick-
ness in halide perovskites;55 as such, the photoluminescence
lifetime constants can be translated into charge transfer rates
across the interface. The quenching time constants of the copper
polymers (2: 8 ns (39%) and 64 ns (61%)) were evidently faster
than those of Spiro-MeOTAD and P3HT (Fig. S30b†).

Finally, the coordination polymers 1–3 were implemented in
perovskite solar cells. Reference cells of the conguration
FTO/SnO2/Pvsk/Spiro-MeOTAD/Au were fabricated with 21%
efficiency and negligible hysteresis (Fig. S31 and Table S6†).
However, when replacing the Spiro-MeOTAD layer with a copper
coordination polymer, the cell performance dropped to below
1%, the cause of extremely slow charge exchange between the
copper coordination polymer and the noble metal electrode,
similar to platinum electrodes in dye-sensitized solar cells.
J. Mater. Chem. A, 2022, 10, 9582–9591 | 9587
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Fig. 4 Coordination polymers as hole conductors in photovoltaic cells. (a) Steady-state and (b) time-resolved photoluminescence quenching of
halide perovskite films by 1–3. (c) Current–voltage sweeps of perovskite solar cells based on a carbon counter electrode as well as hole con-
ducting materials Spiro-MeOTAD and the best-performing coordination polymer 2. (d) Incident-photon-to-current conversion efficiency. (e)
Device statistics. (f) Photovoltaic stability.
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Much improved results were obtained from solar cells
fabricated with carbon electrodes (Fig. 4c–e and Table 3).
Compared to HTM-free devices, the current density remained
largely unaltered when polymer 2 was deposited as a hole-
Table 3 Photovoltaic parameters for perovskite solar cells using Spiro-M
Devices without any p-selective layer were added for reference. Champ

VOC (V) JSC (mA

PvskjSpiro-MeOTADjC 0.913 (0.889 � 0.03) 19.8 (19
PvskjC 0.894 (0.875 � 0.01) 22.2 (21
Pvskj2jC 0.970 (0.956 � 0.01) 23.0 (23

9588 | J. Mater. Chem. A, 2022, 10, 9582–9591
conducting layer, while the photovoltage as well as ll factor
increased to a great extent. The cells reached near 14% power
conversion efficiency. In accordance with the experiments
above, the iodide-conjugated 2 was found to be the best
eOTAD and copper coordination polymer 2 as hole transport materials.
ion devices and average values

cm�2) FF PCE (%)

.3 � 68) 0.451 (0.449 � 0.02) 8.11 (7.69 � 0.49)

.8 � 0.55) 0.525 (0.501 � 0.02) 10.3 (9.57 � 0.43)

.0 � 0.58) 0.620 (0.591 � 0.02) 13.8 (13.0 � 0.54)

This journal is © The Royal Society of Chemistry 2022
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performing polymer of the three (Fig. S32–S34†). In compar-
ison, a layer of the widely high-performance Spiro-MeOTAD did
not increase the performance of carbon-based solar cells, and
rather, the efficiency dropped to about 8%. The reasons
potentially include both slow charge transfer kinetics at the
Spiro-MeOTADjC interface, as well as the possibility of struc-
tural damage to the Spiro-MeOTAD lm when in contact with
solvents during the deposition of the carbon contact. We believe
that the latter mechanism is the reason for the copper polymer
devices to have 1–2% conversion efficiency below those with the
organic HTM P3HT (Fig. S35 and Table S8†).

Carbon-based devices are oen subject to large hysteresis
due to unbalanced, and overall lower, charge mobility
compared to gold electrodes;56 however, carrier abstraction
from interfaces has also been shown to play a signicant role.57

The insertion of a hole conducting layer of polymer 2 leads to
a signicant reduction of the hysteresis (hysteresis index from
0.184 to 0.126, Fig. S36 and Table S9†). It has been shown that
amine ligands in 2D-layered perovskites contribute to the
passivation of exposed PbI2 lattice sites.58,59 The side chain
amine moieties on the coordination polymers could therefore
bind to perovskite surface states. The maximum power point-
tracked conversion efficiency was 10.5% (Fig. S37†).

Ultimately, the greatest remaining challenge to overcome for
all third generation photovoltaics is long-term stability. Lead
halide perovskites have shown a self-healing mechanism during
dark periods, and the community has recently agreed on
a number of tests dedicated to quantifying the stability of such
solar cells.60 Following an ISOS-D-1 dark storage test, the sensi-
tivity to ambient humidity was tested (Fig. 4f). Over a period of
50 days, the initially most-efficient Spiro-MeOTADjAu cells fully
degraded, owing to the presence of hygroscopic cationic dopants
in the Spiro-MeOTAD layer. Both the HTM-free devices (from
9.6 to 8.4%), and especially the copper polymer devices (from
12.6% to 11.9%), maintained their efficiencies as these cells
function without cationic dopants.

Conclusion

A series of copper coordination polymers were presented as
tunable, low-cost hole-conducting materials with a sustain-
ability and performance edge over their organic counterparts.
The charge transport was assigned to polaron hopping along
the polymer chains. Therein, the conjugation of copper units by
iodide anions rather than bromides provided greater orbital
overlap, and the conductivity was 1 mS cm�1. The polymers
proved to be rapid quenchers of halide perovskite lms, and
14% power conversion efficiency was recorded based on the
best-performing polymer 2 with a carbon counter electrode. The
copper coordination polymers represent a unique class of
sustainable, high-performance hole conducting materials.

Many structural parameters of the presented compounds
remain yet to be investigated, such as the degree of polymeri-
zation, the orientation of polymer chains when deposited into
thin lms, and the mechanism of charge exchange between
polymer chains. Furthermore, it appears that, if the activation
energies for polaron hopping could be lowered, either through
This journal is © The Royal Society of Chemistry 2022
compositional or morphological engineering, even better per-
forming materials could be designed through a similar scheme.
Sophisticated carrier transport measurements could help deci-
pher charge motion and electrode kinetics.
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A. B. Muñoz-Garćıa, S. M. Zakeeruddin, N. Vlachopoulos,
M. Pavone, G. Boschloo, L. Kavan, J.-E. Moser, M. Grätzel,
A. Hagfeldt and M. Freitag, J. Am. Chem. Soc., 2016, 138,
15087–15096.

53 S. D. Stranks, G. E. Eperon, G. Grancini, C. Menelaou,
M. J. P. Alcocer, T. Leijtens, L. M. Herz, A. Petrozza and
H. J. Snaith, Science, 2013, 342, 341–344.

54 J. M. Richter, M. Abdi-Jalebi, A. Sadhanala, M. Tabachnyk,
J. P. Rivett, L. M. Pazos-Outón, K. C. Gödel, M. Price,
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