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A B S T R A C T   

The incorporation of dye-electron donor motifs on metal oxide surfaces is a common strategy to increase dye 
regeneration rate, slow recombination, and improve overall dye-sensitized device performance. Here we used 
zinc ion linked multilayer assembly of a dye (N3) and a cobalt polypyridyl electron donor (Co) on TiO2 as an 
alternative to traditional covalently linked dye-donor systems. The formation of the TiO2-N3-Zn-Co multilayer 
was monitored using UV–Vis and ATR-IR and we introduced inductively coupled plasma mass spectrometry as a 
means of quantifying the surface loading of spectroscopically obscured molecules like Co. Interestingly, and 
contrary to the original intent, the addition of Co electron donor impeded the dye-sensitized device in nearly 
every performance metric. Transient absorption measurements indicate that both excited state quenching of N3 
by Co and Co to N3+ electron transfer are slower than the intrinsic excited state decay and recombination, 
respectively. We suggest that the geometric restriction imposed by the metal ion linked architecture sufficiently 
slows electron transfer such that Co is effectively inert in this assembly. While this bilayer did not improve device 
performance, these insights may guide new design strategies that will improve performance and/or will be of use 
in other applications where electron transfer is not desired but say communication of spin and/or magnetic 
moment is needed.   

Introduction 

Ease of fabrication, flexibility, and low cost make dye-sensitized 
devices an intriguing architecture for converting sunlight into elec
trical and chemical energy in dye-sensitized solar cells (DSSCs) [1] and 
dye-sensitized photoelectrochemical cells (DSPECs) [2], respectively. In 
these devices, excitation of the dye is followed by electron injection (kinj 
in Fig. 1) into the conduction band of a metal oxide substrate. The 
oxidized dye can then be reduced (i.e. regenerated, kreg) by either an 
electron donor or catalyst. Ideally, the electron in the conduction band 
then enters the external circuit to generate electricity or reduce a sub
strate to form chemical fuels. However, the electron in the conduction 
band can also be non-productively lost via back electron transfer to the 
oxidized dye (kBET) or through recombination with the oxidized donor 
on the surface or in solution (krec). In a DSPEC, kBET and krec must be 
slowed by several orders of magnitude for the solar flux-limited buildup 
of redox equivalents for catalysis to be competitive with these loss 
pathways [3]. Likewise, in DSSCs, slowing kBET and krec by one order of 

magnitude can increase the open-circuit voltage by 50 mV or more [4]. 
Covalently linking an electron donating moiety to the dye is a pop

ular strategy to increase kreg and spatially separate the oxidized equiv
alent away from the metal oxide surface, slowing kBET and krec [5,6]. 
This strategy is effective but typically requires complex multi-step syn
theses to generate the covalently linked dyad. Metal-ion linked multi
layer assembly [7,8] offers an alternative means of combining molecular 
units on mesoporous metal oxide substrates [9,10]. In a simple, stepwise 
fashion, it has enabled the generation of chromophore-catalyst [11], 
sensitizer-annihilator [12], and multi-chromophore energy cascade as
semblies [13–15]. It has also emerged as an effective means of influ
encing the rate, efficiency, and direction of interfacial electron transfer 
via the incorporation of electrochemically inert spacers [16–18] and 
electron donor/acceptor molecules [19–21]. Expanding upon this work, 
here we generate a multilayer composed of an N3 dye, zinc(II) linking 
ion, and cobalt(II) (2,2′-bipyridine)2 (2,2′-bipyridine-4,4′-dicarboxylic 
acid) (Co) as depicted in Fig. 1. The initial goal was to use the 
geometrically restricted proximity imposed by the bilayer to increase 
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the rate of Co to N3+ electron transfer, inhibit/slow kBET and krec, and 
increase the performance of a DSSC containing I−/I3− redox mediator 
via an electron transfer cascade mechanism. However, through a com
bination of spectroscopic and device measurements, we demonstrate 
that despite Co to N3+ electron transfer readily occurring in solution, 
their incorporation into the bilayer motif sufficiently restricts molecular 
motion such that electron transfer is hindered. 

Experimental 

Materials 

Zinc perchlorate hexahydrate, cis-Bis(isothiocyanato)bis(2,2′-bipyr
idyl-4,4′-dicarboxylato)ruthenium(II) (N3), sodium hydroxide pellets, 
and acetonitrile were purchased from Sigma Aldrich and used without 
any further purification. Bis(2,2′-bipyridine)(2,2′-bipyridine-4,4′-dicar
boxylic acid)cobalt(II) 2 Cl− (Co) was synthesized with modifications to 
literature procedure [22,23] with additional details provided in the 

supporting information. Non-FTO glass and fluorine-doped tin oxide 
(FTO)-coated glass (sheet resistance 15 Ω □−1) was purchased from 
Hartford Glass Co. Melatonix film (1170−25) and Vac’n Fill syringes 
(65,209) were purchased from Solaronix. Micro glass cover slides (18 ×
18 mm) were obtained from VWR. TiO2 and ZrO2 solgel pastes and films 
for spectroscopic measurements were prepared following previously 
reported procedures. [24,25] DSSCs measurements were performed 
using anodes prepared with TiO2 paste purchased from Solaronix (002, 
010). 1-Butyl-3-methylimidazolium iodide (BMII, Aldrich) and Iodine 
(I2, Fisher Scientific) were purchased from providers in parentheses. 
101Ru, 66Zn, and 59Co ICP-MS standards were purchased from Inorganic 
Ventures at 1000 μg/mL and used with HPLC grade water purchased 
from Sigma Aldrich. 

Sample preparation- cell fabrication 

TiO2 or ZrO2 films for spectroscopic measurements were prepared by 
doctorblading the respective pastes onto a glass substrate using one 
layer of Scotch tape to control the thickness. The dried films were then 
sintered in an oven at 500 ◦C and 430 ◦C for TiO2 and ZrO2 with the 
heating and cooling cycle from previously published procedures [24, 
25]. Device samples were made using nanocrystalline TiO2 films (~5 μm 
thick), by screen printing Dyesol 18 NR-T TiO2 paste with a screen 
printer (Dyenamo, DN–HM02). These films were subsequently sintered 
at 500 ◦C for 15 min. Molecules were then loaded as described in the 
next section. A small hole was drilled into the corner of a 2 × 2 cm glass 
slide (for spectroscopic samples) or 1.5 × 1 cm glass slide coated with Pt 
from dropcasting H2PtCl6 in ethanol (50 μL, 5 mM) and heat-drying at 
400 ◦C for 20 min (device samples). The metal oxide glass slide and the 
cover slide (spectroscopic sample) or cathode (device sample) was then 
sealed using cut Melatonix film and heated to 150 ◦C for 7 s using a 
home-built pressure and heating plate [16]. Spectroscopic samples were 
transferred to a glovebox and injected with dry and oxygen-free aceto
nitrile using a Vac’n Fill syringe and the previously drilled hole was 
sealed with a piece of Melatonix and micro glass cover slide. Samples for 
DSSC measurements were similarly injected but with the iodide/
triiodide mixture (0.1 M BMII and 0.01 M I2) in acetonitrile outside of 
the glovebox. 

Dye loading 

TiO2 films were immersed in 400 μM N3 in ethanol for 6 h, then 
rinsed with hexanes, and dried with a stream of air. For multilayer as
semblies, the MO2-N3 films were then immersed in 500 μM solution of 
zinc perchlorate in ethanol for two hours, rinsed with hexanes, and dried 
with a stream of air. Finally, unless otherwise noted, samples were 
immersed in 300 μM Co in acetonitrile for three hours, rinsed with 
hexanes, and dried with a stream of air. The surface coverage for N3 was 
calculated using the expression Γ = (A(λ)/ε(λ))/1000, where Γ is the 
surface coverage in mol cm−2, A(λ) is the absorbance of the film, and 
ε(λ) is the solution extinction coefficient for N3 which is 1.42 × 104 M −
1 cm−1 at 538 nm in ethanol [26]. Surface coverage of Co was then 
calculated relative to N3 based on the N3:Co ratios as determined by 
inductively coupled plasma mass spectrometry (vida infra). The Co 
adsorption isotherm (Fig. S3) was fit using Γ = Kad((Γmax × [Co])/(1 +
Γmax × [Co])) to give the equilibrium adsorption constant (Kad) and in 
accord with the Langmuir isotherm model [27]. 

Absorption spectroscopy 

UV−visible spectra were recorded using an Agilent 8453 UV−visible 
photodiode array spectrophotometer by placing the dye-loaded TiO2 
slides perpendicular to the detection beam path. 

Fig. 1. a) Dynamic events and energetics (vs NHE) of TiO2, N3, Co, and I−/I3−

with productive and non-productive processes in green and red respectively, b) 
schematic representation of bilayer, and c) molecular structure of N3 and Co. 
(kex = excitation, kr = radiative decay, knr = non-radiative decay, kinj = electron 
injection, kBET = back electron transfer, kreg(n) = regeneration, krec(n) =

recombination, kred = mediator reduction). 
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Attenuated total reflectance infrared spectroscopy (ATR-IR) 

ATR-IR spectra were recorded using a Bruker Alpha FTIR spec
trometer (SiC Glowbar source, DTGS detector) with a Platinum ATR 
quickSnap sampling module (single-reflection diamond crystal). 

Inductively coupled plasma mass spectrometry (ICP-MS) 

TiO2-N3 and TiO2-N3-Zn films were prepared following the pro
cedure described above. Samples were then submerged in 300 μM, 150 
μM, 75 μM, 25 μM, and 10 μM Co in MeCN for three hours. Assemblies 
were then desorbed from the surface using 3 mL of 0.1 M NaOH in HPLC 
grade water for two hours. ICP-MS data were recorded on Thermo Fisher 
Scientific iCAP RQ ICP-MS equipped with an ASX-280 autosampler 
(Teledyne, Cetak Technologies), and operated by the Qtegra software 
from Thermo Scientific. Measurements were acquired in standard mode 
at 1500 W plasma RF power. The nebulizer, auxiliary, and cool gas flow 
rates were 1.056, 0.8, and 14 L min−1, respectively. Mass calibration was 
performed weekly using the iQAP Q calibration solution (Fisher Scien
tific) containing 7 elements in 2% HNO3. Mass accuracy, sensitivity, 
detector cross calibration, and signal stability were optimized prior to 
each run using the iQAP Q/RQ tune solution (Fisher Scientific) con
taining 1.0 µg L−1 Ba, Bi, Ce, Co, In, Li, and U in 2% HNO3, and 0.5% 
HCl. Calibration curves were obtained along with each run on the ICP- 
MS using the Co, Zn, and Ru standard from Inorganic Ventures. To 
prepare standard solutions for calibration, working solutions of Co, Zn, 
and Ru (1000 ppb) were obtained by diluting primary stock solutions 
with HPLC grade water and HNO3 to achieve a final concentration of 2% 
HNO3. Calibration standards of 0, 0.5, 1, 5, 10, and 25 ppb were ob
tained by dilution of working solutions with HPLC grade water and 
HNO3 to achieve a final concertation of 2% HNO3. Due to batch-to-batch 
film variability (i.e. thickness and total surface area), the absolute 
concentrations in ppb is only reported for one set of samples. However, 
the maximum loading ratio of Co and Zn relative to 101Ru is the average 
calculated from three independent trials with bilayers prepared using a 
300 μM Co loading solution. 

Device characterization 

Photocurrent density−voltage curves and electrochemical imped
ance spectroscopy measurements were performed as previously re
ported [28]. Details of these procedures are provided in the Supporting 
Information. 

Transient absorption 

Nanosecond (Edinburgh LP980 and Continuum Surelite with Hori
zon OPO) and ultrafast (Helios FIRE and Vitara-S Coherent with OPerA 
Solo OPA) transient absorption measurements were performed on 
commercially available spectrometers and lasers with details provided 
in the SI. Kinetic decays were fit using a biexponential function (Eq. (1)), 
and reported as the weighted average lifetime/rate constant (Eq. (2)): 

y = A1e−k1x + A2e−k2x + y0 (1)  

τi =
1
ki

; 〈τ〉 =
∑

Aiτi
2
/

∑
Aiτi (2)  

Results and discussion 

I. Surface loading 

TiO2-N3 films were prepared by submerging the mesoporous TiO2 in 
a 400 μM N3 in ethanol for 6 h with dye loading monitored using 
UV–Vis spectroscopy (Fig. S1). In accord with literature [29], these 
conditions enabled maximum, near full monolayer loading of N3 on 

TiO2 (Γ = 5.7 × 10−8 mol•cm−2). For bilayer film preparation, TiO2-N3 
was then immersed for two hours in an ethanol solution containing 500 
μM Zn(ClO4)2. Zn2+ coordination to the non-surface bound COOH 
groups of N3 (TiO2-N3-Zn) was indicated by the disappearance of C–O 
stretches 1100 cm−1 and increased intensity of COO− stretches (1540 
and 1600 cm−1) in the ATR-IR spectra (Fig. 2) [30]. It is worth noting 
that initial attempts to load the linking ion using Zn(OAc)2 resulted in 
notable desorption of N3 from the surface. Presumably, the acetate 
either competitively adsorbs to the surface or it makes the solution 
sufficiently basic that N3 binding is no longer favorable [31]. Regardless 
of the cause, no such desorption was observed when using the 
perchlorate counter ion. 

Finally, the bilayer film was prepared by submerging TiO2-N3-Zn in 
an acetonitrile solution containing 300 μM of Co. Typically, multilayer 
loading is monitored using UV–Vis spectroscopy [32]. However, the π-π* 
transition of Co at ~300 nm [33] overlaps with the spectral features of 
both N3 and TiO2 (Fig. S2) making quantification by spectral decon
volution impractical. However, the presence of Co in the bilayer was 
confirmed by ATR-IR spectroscopy (Fig. 2). In comparison to 
TiO2-N3-Zn, upon Co loading there is a dramatic increase in symmetric 
(1600 cm−1) and asymmetric (1540 cm−1) COO− stretches and C–O 
stretch at 1100 cm−1 that are consistent with the COOH groups of Co 
[30]. Unfortunately, direct quantification of Co loading by ATR-IR was 
impeded by the pressure/surface roughness dependent nature of the 
signal amplitude. 

To obtain a comparative estimate of surface coverage, inductively 
coupled plasma mass spectrometry (ICP-MS) was used to quantify the 
relative ratios of N3, Zn, and Co in the bilayer films. Following the 
loading procedure described above, the molecules were desorbed from 
the surface using a 0.1 M NaOH aqueous solution. These solutions were 
then diluted to ppb concentrations in nitric acid and the concentrations 
of 101Ru, 66Zn, and 59Co were determined using calibration curves 
generated with ICP-MS standards and the results are summarized in 
Table 1 and Fig. S3. 

As can be seen in Table 1, the TiO2-N3-Zn film has as large as a 1:1.5 
ratio of N3:Zn. Given that two of the four COOH groups of N3 are not 
bound to the surface [34], this suggests that half of the N3 molecules 
only have one Zn bound or alternatively, there may be COO-Zn-OOC 
bridges between adjacent N3 molecules. Regardless of the configura
tion, the TiO2-N3-Zn films contain at least one Zn per N3 molecule. 
Equally notable is that the Zn loading procedure does not decrease the 
concentration of N3. 

While the absolute concentration of the species varied due to batch- 
to-batch sample variation (i.e. thickness and total surface area), the ratio 
of 101Ru:59Co ratio under 300 μM Co loading was found to be consis
tently at 10:0.9 ± 0.2 across three independent samples with the error 

Fig. 2. ATR-IR spectra of TiO2-N3 (black), TiO2-N3-Zn (green), TiO2-N3-Zn-Co 
(red), and TiO2-Co (blue). 
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being the standard deviation of those trials. The loading of Co on TiO2- 
N3-Zn also exhibits isotherm behavior with a Kad of 4.7 × 106 M − 1 and 
has a surface coverage of ~6 × 10−9 mol•cm−2 (calculated relative to 
N3, ΓN3 = 5.7 × 10−8 mol•cm−2) when loaded from >150 μM Co so
lution (Fig. S3). Consequently, all subsequent MO2-N3-Zn-Co bilayer 
films were prepared using a 300 μM Co solution to ensure maximum 
surface loadings of Co. Interestingly, this maximum loading ratio of 
~10:1, N3:Co, is lower than other previously reported bilayers which 
achieve as high as a 3:1 first to second layer ratio [32]. In line with our 
recent report, it is possible that the relatively large size of Co and the 
limited pore size of the metal oxide may hinder full bilayer formation in 
the film [35]. Alternatively, the octahedral geometry of N3 most likely 
results in geometric hinderances for the second layer loading. More 
specifically, with two COOH groups of N3 bound to the surface, the two 
remaining COOH groups are largely orthogonal to the surface normal 
[36] effectively hindering access for Zn2+ and Co binding. This is 
contrast to our previously reported first layer molecules with diametri
cally opposed surface binding and metal-ion linking groups that are 
expected to be more accessible resulting in a much higher second layer 
loading[52]. 

In summary, the above results indicate that the TiO2-N3-Zn-Co 
bilayer can be formed and that the surface coverage and relative ratio of 
Co can be controlled by varying the concentration of the loading solu
tion. Equally, if not more important, we have demonstrated that ICP-MS 
is an effective tool for quantifying the relative surface loading of UV–Vis 
spectroscopically “silent” species like Zn2+ and Co in metal ion linked 
multilayers. 

II. Dye-sensitized solar cells 

DSSCs were assembled in a sandwich cell architecture following 
previously published procedures [28,37] with TiO2-N3, TiO2-N3-Zn, or 
TiO2-N3-Zn-Co as the photoanode, platinum-coated FTO glass as the 
cathode, and iodide/triiodide in MeCN as the electrolyte solution. The 
energetics and dynamic events for the DSSCs are depicted in Fig. 1. Note 
that the I−/I3− redox mediator was selected as opposed to the decar
boxylated Co analogue, Co(bpy)3

2+/3+[38], to ensure sufficient driving 
force for kreg3. 

Photocurrent density–voltage (J−V) curves were measured, and the 
results are shown in Fig. 3 and Fig. S4 and the performance metrics are 
summarized in Table 2. Results are reported under both AM1.5 irradi
ation and AM1.5 irradiation passed through a 375 nm long pass filter 
(AM1.5 + 375 LP), with the latter being used to prevent any unintended 
consequences of direct excitation of Co in the bilayer film. As can be seen 
in Table 2, the trends in performance are similar with and without the 
filter, suggesting that direct excitation of Co does not impact the per
formance outcome. Consequently, we will focus our discussion on the 
non-filtered data. 

Of the three devices, the parent TiO2-N3 exhibited the highest 
overall photocurrent density (JSC), fill factor (FF), and power conversion 
efficiency (PCE). In agreement with our previous observations, [28,37] 
the coordination of zinc to N3 (TiO2-N3-Zn) decreases the JSC from 2.10 
to 1.62 mA/cm2 but increases the VOC from 590 to 630 mV. The decrease 
in JSC and increase in VOC are attributed to the additional steric bulk of 

the Zn ion decreasing regeneration rate of N3+ by the mediator and 
slowing recombination between the electron in TiO2 and the redox 
mediator. Interestingly, the devices containing the TiO2-N3-Zn-Co films 
gave the lowest performance in every device metric. This outcome is in 
direct contrast with the increase in JSC and VOC one would expect if the 
cobalt were serving to increase the rate of regeneration and slow 
recombination. 

To gain insights into the dynamic events in the device, electro
chemical impedance spectroscopy (EIS) was performed under AM1.5 
irradiance and the resulting Nyquist plot is shown in Fig. 4. In a usual 
Nyquist plot for a DSSC, three semi-circles can be observed [39], but the 
mid-frequency arc is typically the most prominent feature and is 
attributed to the resistance to recombination (Rrecomb) at the TiO2-
dye-electrolyte interface. As can be seen in Fig. 4, for all three devices 

Table 1 
Concentrations (in ppb) of 101Ru, 66Zn, and 59Co determined from ICP-MS of desorbed films of TiO2-N3, TiO2-N3-Zn and TiO2-N3-Zn-Co bilayers with varying 
concentrations of the Co loading solutions.a.   

TiO2-N3 TiO2-N3-Zn TiO2-N3-Zn-Co 
[Co] of the loading solution 
10 μM 25 μM 75 μM 150 μM 300 μM 

59Co 0.004 0.003 0.293 0.833 0.694 1.007 1.031 
66Zn 0.097 21.266 17.319 18.702 19.388 9.597 12.941 
101Ru 14.045 14.798 14.711 14.871 14.766 13.681 12.752  

a Absolute concentrations are for one representative sample set. 

Fig. 3. Photocurrent density−voltage curves for DSSCs with photoanodes 
composed of TiO2-N3, TiO2-N3-Zn, and TiO2-N3-Zn-Co with I−/I3− redox 
mediator under AM 1.5 irradiation (100 mW/cm2). 

Table 2 
Performance characteristics of DSSCs containing TiO2-N3, TiO2-N3-Zn, and 
TiO2-N3-Zn-Co photoanodes with I−/I3− redox mediator in MeCN.a.  

Anode Light Source JSC (mA/ 
cm2) 

VOC 

(mV) 
FF (%) PCE (%) 

TiO2-N3 AM1.5 2.10 ± 0.15 590 ± 5 61 ±
4.0 

0.76 ±
0.05 

AM1.5 + 375 
LP 

1.63 ± 0.09 590 ± 9 62 ±
2.3 

0.59 ±
0.03 

TiO2-N3-Zn AM 1.5 1.62 ± 0.05 631 ±
20 

59 ±
1.3 

0.60 ±
0.05 

AM1.5 + 375 
LP 

1.28 ± 0.10 625 ±
27 

60 ±
0.8 

0.48 ±
0.05 

TiO2-N3-Zn- 
Co 

AM 1.5 1.27 ± 0.28 546 ±
22 

51 ±
2.6 

0.35 ±
0.08 

AM1.5 + 375 
LP 

1.01 ± 0.22 540 ±
22 

52 ±
1.8 

0.28 ±
0.07  

a All data are the average value from the measurement of three separate DSSCs 
and the error (±) are the standard deviation of those measurements. 
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the middle arc is the only readily discernible feature with Rrecomb 
increasing in the order of TiO2-N3 < TiO2-N3-Zn < TiO2-N3-Zn-Co. 
Presumably, the addition of Zn and Co inhibit recombination losses, 
relative to TiO2-N3, due to additional steric bulk between TiO2(e−) and 
the oxidized mediator in solution. If this were the only contributing 
factor, one would anticipate the highest VOC for the TiO2-N3-Zn-Co 
device. But the lowest VOC for TiO2-N3-Zn-Co indicates that any gains in 
inhibiting recombination are offset by decreases in the total number of 
electrons in TiO2 (i.e. lower injection yield, slower regeneration, etc.). 

III. Transient absorption 

Transient Absorption Spectroscopy (TAS) was used to gain additional 
insights into the excited state dynamics of TiO2-N3, TiO2-N3-Zn, and 
TiO2-N3-Zn-Co films. TiO2-N3 and TiO2-N3-Zn films exhibited a spec
tral shift but similar kinetics in the absence of I−/I3− (Fig. S5 and S6) so 
only N3, N3-Zn-Co films will be discussed below. 

To investigate the possibility of excited state quenching of N3 by Co 
[37], we measured the excited state spectral evolution for ZrO2-N3 and 
ZrO2-N3-Zn-Co. Mesoporous ZrO2 was chosen as the substrate for these 
measurements because its nearly 1 V more negative conduction band 
(−1.4 V vs NHE) compared to TiO2 (−0.5 V vs NHE) [40] inhibits 
excited state electron transfer from N3 to the metal oxide. As can be seen 
in Fig. S7, the decay kinetics are nearly identical in both films with no 
new spectral features observed. This indicates that if there is a possible 
quenching mechanism in the N3-Zn-Co bilayer, it is slower than the 
intrinsic excited state decay of N3 on ZrO2 (~25 ns) [40,41]. 

On TiO2, where electron injection can occur, following 480 nm 
excitation, both TiO2-N3 and TiO2-N3-Zn-Co exhibit characteristic fea
tures for the ground state bleach of N3 at 550 nm, the triplet excited 
state of N3 at 690 nm, as well as N3 cation at 750 nm (Fig. 5) [42]. This 
is consistent with previous reports describing sub-picosecond electron 
injection dynamics from N3* to TiO2 [43]. The similarity in the early 
time kinetics TiO2-N3 and TiO2-N3-Zn-Co indicates that neither Co nor 
the bilayer architecture has any notable impact on the electron injection 
event (TiO2-N3* → TiO2(e−)-N3+). 

The fate of the N3 cation in TiO2-N3 and TiO2-N3-Zn-Co films was 
then monitored on longer timescales using nano- to microsecond TAS 
and the results are shown in Fig. 6 and Fig. S8. In the TA spectra of both 
films, we observe the ground state bleach at ~550 nm and a broad 
positive going peak centered at ~750 nm that are consistent with the 
presence of N3+ which returns to baseline (i.e. N3) in less than 20 μs 
(Fig. S8). In the absence of an electron donating redox mediator in so
lution, back electron transfer is the primary mechanism for the reap
pearance of ground state N3 in TiO2-N3 (Eq. (3)). [4] For the 
TiO2-N3-Zn-Co film, in addition to the back electron transfer mechanism 

(Eq. (4)), Co could act as an electron donor for the regeneration of N3 
(Eq. (5)) resulting in the TiO2(e−)-N3-Zn-Co+ charge separated species. 

TiO2(e−) − N3+→TiO2 − N3 (3)  

TiO2(e−) − N3+ − Zn − Co→TiO2 − N3 − Zn − Co (4)  

TiO2(e−) − N3+ − Zn − Co→TiO2(e−) − N3 − Zn − Co+ (5) 

The lack of new spectral features (Fig. S8) and the nearly identical 
N3+ decay kinetics at 750 nm Fig. 6a) for both TiO2N3 (τN3

+ = 5.2 ±
0.4 μs) and TiO2-N3-Zn-Co (τN3

+ = 4.3 ± 0.3 μs) suggests that back 
electron transfer (Eqs. (3) and ((4) is the primary recombination 
mechanism in both films. Consequently, if Co to N3+ electron transfer is 
occurring in the film, the high-end estimate of the rate is on the order of 
4.0 × 104 s−1. It is important to note that due to the low N3:Co ratio 
(10:1), cross-surface cation migration from N3 to a N3-Zn-Co dyad 
could also contribute to slowed Co to N3+ electron transfer. Anisotropy 
measurements and Monte Carlo simulations on related ruthenium pol
ypyridyl complexes indicate that ~60 lateral hole-hopping events can 
occur prior to recombination [44]. Consequently, even at a 10:1 ratio, 
we anticipate that cation migration to a N3-Zn-Co dyad can readily 
occur prior to recombination and that regeneration is limited by Co to 
N3+ electron transfer. 

We also performed the same measurement but under device relevant 
conditions (i.e. with 0.1 M BMII and 0.01 M I2 in MeCN) and the results 
are shown in Fig. 6b. For the TiO2-N3 , the addition of I− decreases the 
lifetime from 5.2 μs to 3.1 μs due to electron transfer from I− to N3+

(kreg1 in Fig. 1). kreg1 for TiO2N3 under these conditions is calculated to 
be 1.3 × 105 s−1 using Eq. (6) where τN3+(I-) and τN3+ are the N3+

lifetime with and without the redox mediator in solution. 

kreg1 =
1

τN3+(I−)

−
1

τN3+

(6) 

There is a subtle but reproducibly slower kreg1 for TiO2-N3-Zn-Co 

Fig. 4. Nyquist plots obtained from EIS for TiO2-N3, TiO2-N3-Zn, and TiO2-N3- 
Zn-Co devices at open-circuit voltage under AM 1.5 irradiation (100 mW/cm2). 

Fig. 5. Transient absorption spectra for TiO2-N3 (top) and TiO2-N3-Zn-Co 
(bottom) in MeCN (λex = 480 nm) from 1 ps to 6000 ps. 
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(0.5 × 105 s−1). Presumably, although Co has minimal direct involve
ment in interlayer electron transfer, it serves as at least some steric bulk 
that inhibits contact between N3+ and I−. But, the impact of that steric 
blocking is likely minimized due to the low surface coverage and fast 
cross surface cation migration which is on the order of 108–1011 s−1 for 
dyes on TiO2 [10]. In a similar vein, although electrostatics between 
Zn2+ and I− is expected to increase regeneration rates, previous results 
indicated that any gains due to electrostatics are offset by the steric 
hinderance of Zn2+ between N3+ and I−. [28] This steric bulk may also 
be responsible for slowing TiO2(e−) to I3− recombination and the 
increased recombination resistance for TiO2-N3-Zn-Co seen in EIS 
measurements (Fig. 4). 

IV. Interlayer electron transfer 

Collectively, and contrary to our initial goal, the above results 
indicate that Co to N3+ electron transfer is a slow/negligible process in 
the metal ion linked multilayer film. This lack of electron transfer is a bit 
surprising given that related cobalt polypyridyl complexes are well 
known as regenerative electron donors in DSSCs. [45–47] As described 
by Marcus theory [48,49], electron transfer between an electron donor 
and acceptor is primarily dictated by the reorganization energy (λ), 
Gibbs free energy change (ΔGo), and donor-acceptor electronic coupling 
(HAB). Given similar energetics and structure to known cobalt poly
pyridyl mediators [50,51] we do not expect λ and ΔGo to hinder electron 
transfer from Co. To further probe these energetic requirements, we 

performed transient absorption on TiO2-N3 with and without 0.1 M Co 
in solution (i.e. without the Zn(II) linking ion) and the results can be 
seen in Fig. 7. The N3+ lifetime decreases from 5.2 μs to 2.7 μs in the 
presence of Co giving a kreg1 of 1.8 × 105 s−1 (from Eq. (6) but with/
without Co) which is comparable to that of I− (1.3 × 105 s−1). Conse
quently, there is no intrinsic energetic barrier to Co to N3+ electron 
transfer. 

The interlayer electron transfer rate (kreg2) is proportional to the 
square of the electronic coupling element (HDA) which is dependent on 
the distance, orientation, and intervening medium between the electron 
donor and acceptor [48]. To gain some insights into the bilayer struc
ture, we used semi-empirical, molecular mechanics simulations (PM3, 
Spartan) to determine the equilibrium geometry of N3-Zn-Co. From this 
structure we obtain a center-to-center distance of ~18 Å between N3 
and Co in the bilayer (Fig. 8) [52]. Previous DFT calculations estimate 
center-to-center distances as low as 8 Å when N3 is bound to a surface 
and unsubstituted cobalt polypyridal complexes are free to diffuse in 
solution [51]. Here, with the addition COOH groups, we assume a 
diffusional distance of ~10 Å. It is likely that the two-fold increase in 
center-to-center distance between N3 and Co dramatically slows the 
electron transfer rate (keT) in the bilayer relative to solution. 

The donor-acceptor coupling (HDA), and consequently keT exhibits a 
well know exponential distance dependence as described by Eq. (7) 
[53], where β is the attenuation coefficient, Ro is the van der Waals 
distance between donor and acceptor, RDA is the donor acceptor sepa
ration of interest, and ko

eT is the electron transfer rate constant at close 
contact. 

keT = ko
eT exp( − β(RDA − Ro)) (7) 

Assuming a ko
eT of 4 × 105 s−1 [50], and a high-end estimate of Ro of 

10 Å we have calculated the relationship between keT and RDA with β 
values ranging from 2.5 Å−1 (in vacuum) to 0.1 Å−1 (molecular wires) 
and the results can be seen in Fig. 9. 

From the experimental Co to N3+ electron transfer rate of 4.0 × 104 

s−1, an assumed center-to-center distance ranging from 15 to 18 Å (i.e. 
accounting for possible flexibility in the linkage and Co orientation), and 
the data in Fig. 9, we can estimate a β value from 0.25 to 0.5 Å−1 for the 
metal ion linked multilayer. This range of β value suggests that the Py- 
COO-Zn-COO-Py linking motif is similarly “conductive” to a phenyl 
bridge system (β = 0.2–0.5 Å−1) and more than an sp3 carbon chain (β =
1 Å−1), for example [54,55]. The role of the metal linking ion in 
dictating the β value is not known at this time but may provide an 

Fig. 6. Transient absorption kinetics traces at 750 nm for TiO2-N3 (black) and 
TiO2-N3-Zn-Co (red) in MeCN (λex = 480 nm) without (a) and with (b) 0.1 M 
BMII and 0.01 M I2. The reported lifetimes are the average of three independent 
samples with the error being the standard deviation. 

Fig. 7. Transient absorption kinetics traces at 750 nm for TiO2-N3 in MeCN 
(λex = 480 nm) without (black) and with 0.1 M Co (red). The reported lifetimes 
are the average of three independent samples with the error being the stan
dard deviation. 
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additional, tunable variable for influencing interlayer electron transfer 
[56–58]. Alternatively, we cannot currently rule out electron transfer 
from Co to an adjacent N3 molecule (i.e. an N3 that is not in the 
N3-Zn-Co bilayer) which could reduce the center-to-center distance and 
give an artificially low attenuation coefficient. 

Conclusion 

Here we report the spectroscopic and dye-sensitized device charac
terization of a N3-Zn linking ion-Co electron donor, multilayer assembly 
on mesoporous TiO2. The film formation and loading ratios were 
determined using a combination of UV–Vis, ATR-IR, and ICP-MS. The 
latter is particularly notable in that we have demonstrated that ICP-MS 
can be used as a tool for quantification of spectroscopically obscured 
molecules in metal ion linked multilayers. 

Surprisingly, incorporating the Co electron donor into the multilayer 
decreases the DSSC response in nearly every performance metric (i.e. 
JSC, VOC, FF, PCE). EIS and J-V measurements suggest that while the 
cobalt complex helps to inhibit recombination, those gains are more 

than offset by a decrease in the photocurrent of the film. Initially we 
anticipated that Co would serve as an electron donor to the oxidized dye, 
but transient absorption measurements indicate that Co is largely inert 
in the bilayer with both excited state quenching and Co to N3+ electron 
transfer being slower than the excited state decay and recombination, 
respectively. But the steric bulk of Co may serve to hinder both N3+

regeneration and TiO2(e−) to I3− recombination which resulted in a net 
decrease in device performance. 

While Co to N3+ electron transfer readily occurs in solution, the 
geometric restriction imposed by the multilayer architecture effectively 
slows interlayer electron transfer. The large center-to-center distance is 
sufficient to slow interlayer electron transfer to the point of not being 
competitive with intrinsic excited state decay, electron injection, and 
recombination dynamics at the dye- semiconductor interface. Conse
quently, this particular combination of molecules is not useful in DSSCs, 
but these insights could be used to guide the design of new multilayers 
with smaller spatial separation and increased electron transfer rates. 
Alternatively, this multilayer architecture may be useful in other ap
plications where electron transfer is not desired but say communication 
of spin and/or magnetic moment is needed. 
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