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ABSTRACT: In the photocatalytic conversion of CO, to
valuable chemicals under aqueous conditions, the selectivity
and the product yield still present the most challenging issues.
Against this backdrop, negatively charged water-soluble CdS
nanocrystals were used to assemble with a positively charged
dinuclear cobalt complex through electrostatic interactions.
This assembly efliciently catalyzes the CO,-to-CO conversion
under visible light, with a high selectivity of 95%, a high yield
of 34.51 pmol of CO, and a large turnover number (TON) of
1380 based on the cobalt catalyst, all of which are record high
values for a noble-metal-free visible-light-driven CO, reduc-
tion system with a molecular catalyst in a fully aqueous
medium.
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Bl INTRODUCTION

The construction of effective catalytic systems to convert CO,
into value-added chemicals is an important method to reduce
both the depletion of fossil fuels and the intensification of
global warming.'~* Specifically, CO, reduction solely driven by
solar energy is regarded as one of the most applicable
techniques.””~"* In this context, various metal complexes,
based on Re, ¥ Ru, %5 Ir,'® Co,”1® Ni,1%2° Mn, > Fe, 320
etc., have been developed as molecular catalysts to reduce CO,
to CO. For solar energy to drive their catalysis, the
photosensitizers, such as [Ru(bpy);]Cl, (bpy = 2,2’-
bipyridine), [Ir(ppy);](PF¢), (ppy = 2-phenylpyridine), etc,,
or organic dyes,w*29 are indispensable. However, the
applications of these molecular photosensitizers are restricted
by several disadvantages, such as the use of precious metals, the
narrow range of visible-light absorbance, and the severe
photodegradation, etc.’® In addition, most of these molecular
photocatalytic reactions need to run in organic solvents rather
than pure water, because of the competitive hydrogen
evolution reaction in water, resulting in low CO, reduction
selectivity.’"**

In contrast to molecular photosensitizers, semiconducting
nanocrystals (NCs) are attractive photosensitizers, due to their
large extinction coeflicients, tunable redox potentials, and
optical properties through regulation of particle sizes.”
Moreover, their large specific surface areas and highly
modifiable surface ligands enable their sufficient interactions
with the cocatalysts, which can circumvent the low-probability
bimolecular collision”**> and thus facilitate the electron
transfer from NCs to cocatalysts.**™>*
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Despite these appealing features, however, their activity for
catalytic proton reduction in aqueous medium’”~** hinders
their applications in photocatalytic CO, reduction systems.
Thus, the related examples with high selectivity and activity are
rare. In early times, CdS NCs were used as photosensitizers to
cooperate with a carbon monoxide dehydrogenase for light-
driven CO, reduction.”” Then, Weiss and co-workers
combined CulnS,/ZnS NCs and an iron(III) tetraphenylpor-
phyrin (FeTPP)* or a trimethylamine-functionalized iron
tetraphenylporphyrin (FeTMA)* to achieve high selectivity
(over 99%) for photocatalytic CO,-to-CO conversion in
dimethyl sulfoxide (DMSO) and water, respectively. However,
both of the amounts of evolved CO in the two systems were
very low (<1 pmol). A more impressive example was reported
by Reisner and co-workers; they covalently immobilized a
thiol-derived nickel-terpyridine complex (Ni-tpyS) on CdS
NCs. The hybrid photocatalyst could reduce CO, to CO with
a high selectivity (>90%) just at the initial stage of the reaction,
while its selectivity to CO continuously decreased as the
reaction progressed, because of the loss of Ni-tpyS from the
NC surface, and the CO yield was still modest (~4 pmol).*

In this context, the development of a higher-performance
photocatalytic CO, reduction system with semiconducting
nanocrystals is greatly desired. In our previous work,'’ a
dinuclear cobalt catalyst (Co,L’ in Figure S1) displays high
selectivity and efliciency for the photocatalytic reduction of
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Scheme 1. Ilustration of CdS NCs with Different Charge Characteristics and Their Photocatalytic CO,-to-CO Conversion
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CO, to CO, benefiting from the synergistic effect between two
cobalt ions within the catalyst. However, its performance is
limited by the use of organic solvent and the precious-metal-
based photosensitizer, [Ru(phen);](PFs),. Against this back-
drop, we designed and synthesized a new dinuclear cobalt
complex (Co,L; Scheme 1), in which a hydrophobic benzene
ring in the ligand structure was removed by contrast to the
previously reported Co,L’. This feature endows the new Co,L
a higher water solubility (2.8 X 107 mol/L, 1.5 times higher
than that of Co,L’), as well as an easier access to capture and
transform CO,. Meanwhile, we chose CdS NCs capped with
mercaptopropionic acid (MPA) as the light absorbers instead
of [Ru(phen);](PF¢), and found that the semiconductor is
highly advantageous in terms of water solubility, photostability,
and expense. Most importantly, the negatively charged CdS-
MPA can form an assembly with the positively charged Co,L
through electrostatic interactions (Scheme 1). The assembly
could facilitate electronic communication between the light
absorbers and cocatalysts, leading to durable and selective
photocatalytic CO,-to-CO conversion even in purely aqueous
solutions, with a selectivity of 95%, a remarkable yield of 34.51
pumol of CO, and a large turnover number of 1380 based on
the cobalt catalyst. No decrease was observed on the CO
selectivity even after 120 h of photocatalysis.

B EXPERIMENTAL SECTION

Materials and Methods. Co,L was prepared via a four-
step synthetic procedure (Scheme S1). CdS NCs with different
capping agents were synthesized according to the literature.*’
Their detailed synthetic procedures and basic characterization
can be found in the Experimental Details section and Figures
§2—S10 in the Supporting Information. Nuclear magnetic
resonance (NMR) spectra were performed on a Bruker 400
MHz instrument. High-resolution mass spectra (HRMS) were
recorded on a Q-TOF LC—MS instrument with an ESI mode.
Ion chromatograph experiments were conducted on an ECO
Mestrosep instrument with a supp 5-250 column. UV—vis

absorption spectra were detected on a Lambda 750 UV/vis/
NIR spectrophotometer. Infrared spectroscopy (IR) was
performed on a PerkinElmer Frontier Mid-IR instrument.
Inductively coupled plasma mass spectrometry (ICP-MS) was
recorded on a Thermo Fisher iCAP RQ instrument. Dynamic
light scattering (DLS) measurements were examined with a
laser-light scattering spectrometer equipped with a digital
correlator at 636 nm at a scattering angle of 90°. The *CO,
isotope trace experiments were detected on an Agilent 7890B/
5977B GC-MS instrument. X-ray photoelectron spectroscopy
(XPS) was conducted on an ESCALAB 250 Xi spectrometer
(Thermo Scientific). Transmission electron microscope
(TEM) measurements were characterized on a Talos F200X
instrument, FEI, using 200 kV acceleration voltage. Photo-
luminescence (PL) spectra were recorded by a fluorescence
spectrophotometer (F-7000, Hitachi, Tokyo, Japan). The time-
resolved fluorescence spectra were measured by a time-
resolved confocal fluorescence instrument (MicroTime 200,
PicoQuant, Berlin, Germany). Mott—Schottky plots were
measured by impedance-potential technique on the CHI
760E electrochemical station.

B RESULTS AND DISCUSSION

Redox Properties. At the beginning, the redox properties
of Co,L and CdS NCs were investigated. Initially, the cyclic
voltammogram (CV) of Co,L in a 0.1 M NaHCOj; aqueous
solution under a CO, atmosphere suggests its electrocatalytic
activity for CO, reduction, as an enhanced current (B, =
—0.80 V vs NHE) was observed relative to the CV under argon
(Figure S9). On the other side, the band gap of CdS-MPA was
determined by UV-—vis spectroscopy (Figure la). The
obtained spectrum was converted to a plot of (ahv)* versus
photon energy, and the direct band gap of CdS-MPA was
estimated as 2.54 eV (Figure 1b). Additionally, the flat-band
potential (corresponding to the conduction band) of CdS-
MPA obtained from the Mott—Schottky plots was —0.87 V vs
NHE (Figure 1lc). The above results indicate that the
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Figure 1. (a) UV—vis absorption spectra of CdS-MPA and (b)
corresponding Tauc plots (ahv)* vs photon energy (hv). (c) Mott—
Schottky plots of CdS-MPA. (d) Band structure of CdS-MPA and the
onset potential of Co,L for CO, reduction.

photoexcited CdS-MPA has enough driving force to trigger
CO, reduction at Co,L (Figure 1d). Specifically, the
photoexcited electrons of CdS-MPA jumped from the valence
band (VB) to the conduction band (CB). As the onset
potential of Co,L (—0.80 V) was less negative than the CB
potential of CdS-MPA (—0.87 V), electrons from the CB of
CdS-MPA can transfer to Co,L and reduce the cobalt complex,
followed by the binding and reduction of CO,. The catalytic
mechanism of Co,L as the catalytic center can be analogous to
the one proposed for Co,L’ in our previous work'’ because of
their similar structures, possibly involving the Co'! reduction
and a synergy between two cobalt centers.

Photocatalytic CO, Reduction. Encouraged by the
positive information above, we screened the reaction
conditions for photocatalytic CO, reduction using CdS-MPA
as the photosensitizer and Co,L as the cocatalyst. Photo-
catalytic solutions were prepared by sequentially adding stock
solutions of CdS-MPA and catalyst Co,L to aqueous solutions
with a sacrificial reductant (0.3 M). The photoreactor was
sealed with a rubber septum and saturated with CO,, followed
by the visible-light irradiation. First, in the presence of
triethanolamine (TEOA) as a sacrificial reductant, it was
observed that H,O was a more appropriate solvent compared
with CH;CN/H,0 (v:v 4:1) with a relatively higher
selectivity and catalytic activity for CO production (Table 1,
entries 1 and 2). Water not only serves as a better solvent to
dissolve the negatively charged CdS/MPA, but also provides
protons to facilitate the proton-dependent CO, reduction. The
role of H,0 was also investigated with D,O as medium (Figure

S11). The total amount of CO, reduction products and the
ratio of nco/ncp, in D,O were both lower than those in H,0,

indicating that the protons in H,O played an important role in
the CO, reduction. Subsequently, we varied the sacrificial
reductants (Table 1, entries 2—4) and found that the use of
TEOA enabled a better performance than sodium ascorbate or
sulfite, which could be attributed to the fact that TEOA is
more efficient to capture the photogenerated holes from CdS.
In an attempt to improve the selectivity of the photocatalytic
reduction of CO,, NaHCO; was added to the reaction system,
which may buffer the solution and increase the solubility of
CO,. The results show that the TON of CO production (942)
and the selectivity (95%) were simultaneously increased in the
presence of NaHCOj; with a small amount of methane, more
intriguingly, without the trace of H, evolution (Table 1, entry
S).

To illustrate the function of each component in the
photocatalytic system, we conducted a series of reference
experiments. Using Ar instead of CO,, negligible amounts of
CO and CH, were detected (Table 2, entry 2). The *CO,

Table 2. Results of Control Experiments for the
Photocatalytic Reduction of CO,

n/H, n/CO n/CH, selectivity = TON
entry PS (umol)  (umol)  (umol) to CO for CO
1 CdS-MPA 0 4.71 0.24 95% 942
2 CdS-MPA 0 0.06 0.05 52% 12
3  CdS-MPA 0 0 0 0 0
4° 0 0 0 0 0
54 CdS-MPA 0 0.08 0.05 58% 15
6° CdS-MPA 0 0.37 0.08 82% 74
7 CdS-MPA 0 1.12 0.06 95% 112
8% CdS-MPA 0.79 34.51 1.01 95% 1380
98 CdS-OA 1.53 0.40 0.01 21% 16
10% CdS-BE, 83.70 2.33 2.24 3% 93

“Entry 2: 100% Ar. "Entry 3: without light. “Entry 4: without CdS-
MPA. “Entry 5: without TEOA. “Entry 6: without Co,L; “Entry 7:
catalyst is CoL' (1 uM). Reaction conditions: CdS-MPA (4 uM),
Co,L (1 uM), S mL aqueous solution of 0.1 M NaHCO;, 22 h, 300
W Xe lamp (4>420 nm). ®Entries 8—10: the reaction system was
expanded S-fold. Reaction conditions: CdS-MPA (4 uM), Co,L (1
uM), 25 mL aqueous solution of 0.1 M NaHCO;, 120 h, 300 W Xe
lamp (4 > 420 nm). All data deviations are below $%.

isotope trace experiment was also conducted. As shown in
Figure S12, the peak with the m/z value of 29 clearly indicated
the generation of B¢, revealing that CO was generated
dominantly from the reduction of CO, instead of NaHCO; or
other organic components. Additionally, as shown in Table 2
(entries 3 and 4), without illumination and CdS-MPA, no gas
was generated in the system. These results indicate that the

Table 1. Screening Studies of Photocatalytic Reduction” of CO,

entry sacrificial reductant solvent n/H, (umol)
1 TEOA CH,;CN/H,0 6.50
2 TEOA H,0 9.95
3 sodium ascorbate H,0 12.00
4 Na,SO, H,0 0
S TEOA NaHCO; 0

n/CO (umol) n/CH, (umol) selectivity to CO TON for CO
0.70 0.01 9.8% 140
3.24 0.22 24% 648
0.15 0.02 1% 31
0.03 0.02 58% 6
4.71 0.24 95% 942

“Reaction conditions: CdS-MPA (4 uM), Co,L (1 M), S mL of reaction solution (CH;CN/H,O = 4:1 in entry 1, 0.1 M NaHCO; aqueous
solution in entry ), sacrificial reductant (0.3 M), 22 h, 25 °C, 300 W Xe lamp (1 > 420 nm). All data deviations are below 5%.
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catalysis requires the generation of photoinduced carriers from
CdS NCs. Further control experiments indicated that, without
TEOA, almost no CO was produced (Table 2, entry S). For
the cocatalyst, when the photoreaction was conducted in the
absence of Co,L, CO and CH, were also detected (Table 2,
entry 6), but at a much lower production than the one with
Co,L; this outcome highlights the key role of Co,L as the
cocatalyst. All of the above results reveal that CO,, visible light,
CdS NCs, sacrificial reductant, and Co,L are all essential for
the significant generation of CO. We also investigated the
importance of the dinuclear ligand in Co,L; as seen from entry
7, when the catalyst was substituted with the corresponding
mononuclear cobalt complex, CoL' (Figure S1), the
production of CO was reduced dramatically. These data
strongly indicate that the dinuclear configuration in Co,L is
more advantageous in the photocatalysis. Moreover, when the
scale of the photocatalytic reaction was increased S times
relative to that of entry 1 under the same visible light, a trace
amount of formate was detected by ion chromatograph (IC) in
the liquid phase (Figure S13), while the amounts of CO
produced reached 34.5 ymol (TON 1380), and the selectivity
also remained as high as 95% (Table 2, entry 8, and Figure
S17), indicating that this photocatalytic system has potential
for large-scale applications.

To explore the mechanism of reducing CO, to CH,, we
purged CO instead of CO, into the photoreaction system. The
result in Figure S14 (red line) shows that CH, could also be
produced constantly under CO atmosphere. Here, we
speculate that CO may act as an intermediate to motivate
the generation of CH,. Moreover, the conversion of CO, to
the products (CO, CH,, and HCOOH) was detected to be
93.3% (Figure S1S and Table S1), indicating that a rough
carbon balance was realized in the photocatalytic system.

Assembly Formation via Electrostatic Attraction. As
depicted in Scheme 1, the self-assembly between CdS-MPA
and Co,L is likely to be driven by electrostatic attraction
between the negatively charged carboxylate groups of CdS-
MPA and the positively charged cobalt(II) center of Co,L. For
comparison, uncharged CdS NCs which are capped with oleic
acid ligands (CdS-OA), and positively charged, surface-ligand-
free NCs (CdS-BF,), were used in parallel investigations on
the influence of different surface charges on photocatalysis
(Table 2, entries 8—10 and Figure 2a). The results show that,
in terms of CO production, CdS-MPA was over 86 and 15
times more active than CdS-OA and CdS-BF,, respectively.
Meanwhile, the catalytic selectivity of CdS-MPA toward CO
formation was much higher than those of CdS-OA and CdS-
BF,. Particularly, the H, yield of CdS-BF, was relatively high,
which can be ascribed to the electrostatic repulsion between
CdS-BF, and catalyst Co,L. That is, the photoexcited electrons
at the surface of CdS tend to react with H" to generate
hydrogen, rather than the injection to the cocatalyst. The
comparative study reveals that the electrostatic attraction
between the negatively charged CdS NCs and the positively
charged catalyst Co,L plays a key role in achieving the high
performance for photocatalytic CO, reduction.

The overall time profile of the photocatalytic CO, reduction
is shown in Figure S17. CO was the main reduction product
(34.5 pmol) during the photocatalysis along with a small
amount of CH, (1.0 gmol). Interestingly, the CO production
was lethargic in the first S h (Figure 2b, black line). Then, the
rate of CO production abruptly increased after 5 h, followed by
the slackened and finally ceased reaction. This phenomenon
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Figure 2. (a) CO production and selectivity of CdS-MPA, CdS-OA,
and CdS-BF,. (b) Time profiles of DLS data and photocatalytic CO
evolution. Reaction conditions: CdS-MPA (4 uM), Co,L (1 uM), 25
mL aqueous solution of 0.1 M NaHCOj, 25 °C, 300 W Xe lamp (4 >
420 nm).

can be explained by the possibility that, at the initial stage of
the reaction, the formation of the assembly is insufficient and
cannot readily facilitate the electron transfer between CdS and
Co,L. For a confirmation of this speculation, DLS measure-
ments were employed to track the changes of the assembly size
during the photocatalytic reaction (Figure 2b, red line, and
Figure S16). It was observed that the diameter of the assembly
in the initial S h (10.1 nm) was close to that of individual CdS
NCs (7.1 nm) (Figure S16a), indicating that the assembling of
Co,L and NCs was not marked at the initial stage. When the
reaction proceeded for 10 h, the detected diameter reached
20.6 nm, suggesting a more substantial formation of the
assembly, concomitant with a drastically increased CO
production. Upon further reaction, the size of the assembly
kept increasing up to 278.0 nm, while the rate of CO
production slowed down and eventually ceased after 120 h.
This observation is attributed to the overassembly that could
impede the mass transfer, which can be viewed by the TEM
image (Figure 3a) of the centrifuged mixture after photo-
reaction. In addition, the isolated precipitation of CdS-MPA/
Co,L was reused to catalyze the CO, conversion. The
evolution of CO was obviously lower compared with the one
in the first run (Figure S20), indicating that the overgrowth of
the CdS-MPA assembly will impair the photocatalytic
performance of the CdS-MPA/Co,L assembly. However, the
excessive aggregation had no impact on the high selectivity to
CO (95%) that could be maintained for 120 h. Such retention
of selectivity is distinguished from the case of Ni-tpyS
anchored on CdS NCs, where the dissociation of Ni-tpyS
from the CdS surface diminished the CO selectivity.*® This
difference suggests the firm combination between CdS NCs
and Co,L cocatalyst during long-term photocatalysis.

A series of experiments were deliberately carried out on the
isolated solid from the centrifugation of the reaction mixture to
further verify the assembling between CdS-MPA and the
cocatalyst Co,L. First, inductively coupled plasma mass
spectrometry (ICP-MS; Figure S18) shows that cobalt element
actually exists, and the mass content of Co is measured as

DOI: 10.1021/acscatal.8b03457
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Figure 3. (a) TEM image of centrifugal mixture after photoreaction (inset: corresponding high-resolution TEM, HRTEM, image). (b) { potentials
of CdS-MPA (blue line) and CdS-MPA/Co,L (red line). (c) PL emission spectra (the excitation wavelength is 420 nm). (d) PL decay of CdS-
MPA without (black) and with (red) added Co,L and CdS-MPAH with added Co,L (green) obtained by placing a long-pass optical filter (519

nm) before the detector, after excitation at 439 nm.

0.053 + 0.005%. Then, the liquid chromatography—mass
spectrometry (LC—MS) of the ultrasonic dispersed solid from
the centrifugation of the reaction mixture is measured (Figure
S19). The peaks at 401.13, 337.20, and 420.13 represent
[Co,L(Cl10,”)(HCOO™)CO,]**, [Co,L(CO5*7)]**, and
Co,L(ClO,”)(HCOO™)(CH,CN),]*, respectively, indicating
the integration of the molecular catalyst Co,L with the CdS
NCs. The comparison of IR spectra between this solid and
Co,L further demonstrates that the assembly isolated from the
reaction mixture contains a substantial amount of Co,L
(Figure S21). Moreover, the measurements of { potential
provide additional evidence on the formation of the assembly.
For the aqueous solution of CdS-MPA, the { potential was
measured as —34.3 mV (Figure 3b), demonstrating a
negatively charged nature of the NCs surface. In contrast,
the { potential of the centrifuged precipitate after photo-
reaction was determined as +33.8 mV; the reversed polarity
confirms the electrostatic assembly between the negatively
charged CdS-MPA and the positively charged Co,L. PXRD
measurements (Figure $22) and the XPS spectra (Figure $23)
of the isolated solid CdS-MPA/Co,L after CO, reduction had
similar peaks as the original CdS-MPA and the mixture of CdS-
MPA and Co,L before CO, reduction, indicating that CdS-
MPA can maintain its crystal structure and composition before
and after the reaction. All of these results confirm that, through
electrostatic interactions, the photosensitizing CdS NCs can be
assembled with Co,L as the cocatalyst in the photocatalytic
CO, reduction, and it has been demonstrated that this
integration remarkably promotes the electron transfer between
them. Moreover, the stability of nonassembled Co,L in the
reaction was confirmed by XPS and ESI-MS measurements via
adding excess Co,L to the reaction system (Figures S24 and
$25).

With the confirmation of the formation of the photo-
sensitizer—catalyst assembly, it can be anticipated that this
assembling is likely to achieve a fast photogenerated electron

1
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transfer between them. This anticipation was examined by PL
measurements. As exhibited in Figure 3c,d, in the presence of
2.0 equiv of Co,L, the photoexcited emission of CdS-MPA at
610 nm was obviously quenched, and simultaneously the
emission lifetime of CdS-MPA dramatically decreased from
2.92 to 0.24 ns. For comparison, the negatively charged
carboxylate groups of CdS-MPA were protonated and
converted into carboxylic groups, with the sampled named as
CdS-MPAH (characterized by { potentials in Figure $26),
which was employed to check whether the electrostatic
interactions between CdS-MPAH and Co,L were restrained.
Finally, the emission lifetime of protonated CdS-MPAH was
measured as 1.90 ns, which is much larger than the
fluorescence lifetime of intact CdS-MPA with Co,L. These
observations indicate that, with the participation of electro-
static attraction, a faster transfer of photogenerated electrons
from CdS NCs to Co,L can be achieved. These findings also
highlight that the noncovalent assembly between CdS NCs and
molecular cocatalyst can be an advisable strategy to enable fast
electron transfer between catalysts and photosensitizers.

B CONCLUSIONS

In summary, we constructed a photocatalytic assembly via
electrostatic interactions between negatively charged CdS NCs
and a positively charged dinuclear cobalt catalyst. The
photocatalytic reduction of CO, to CO with this assembly
can accomplish record high CO yield (34.51 pmol), TON
(1380), and selectivity (95%) in terms of NC-mediated
photocatalytic CO, reduction in an aqueous solution (see
Table S2). In sharp contrast, the parallel experiments with
electrically neutral (CdS-OA, TON 16, selectivity 21%) and
positively charged (CdS-BF,, TON 93, selectivity 3%) NCs
both exhibited much lower activity and selectivity for
photocatalytic CO, reduction. Corroborated with the results
of PL experiments, we have shown that such simple

DOI: 10.1021/acscatal.8b03457
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noncovalent interactions, without the assistance of an elaborate
synthetic process, successfully accelerate the electron transfer
between the photosensitizers and the molecular catalysts. We
believe that the noncovalent assembly of photocatalytic active
species could not only provide a convenient method to
construct an efficient artificial photosynthetic system but also
expand the possible applications of ultrafine NCs in photo-
catalytic reactions which require multielectron injection.
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