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Abstract: Natural photosynthesis uses an elaborate array of molecular structures in a multi-photon Z-

scheme for the conversion of light energy into chemical bonds (i.e. solar fuels). Extensive research effort 

has been dedicated to achieving artificial photosynthesis but a fully molecular artificial Z-scheme for solar 

fuels production has yet to be realized. Here we show that upon excitation of both a molecular photocatalyst 

(PC) and an aryl alcohol (ROH) in the presence of a sacrificial electron donor and proton source, we achieve 

artificial photosynthesis of H2. Chemical, electrochemical, and spectroscopic data support a mechanism 

consisting of: 1) photoexcitation of PC, 2) reduction of excited state PC, 3) electron transfer from PC- to 

photoexcited ROH, and 4) generation of H2 from reduced ROH. The system is catalytic with respect to both 

PC and ROH and operates at a reaction overpotential of ~40 meV. This molecular Z-scheme circumvents 

the thermodynamic and overpotential constraints associated with reduction of weak acids in their ground-

state and offers a new paradigm for the conversion of light energy into H2 bond energy.  

Introduction 

The conversion of solar energy into chemical bond energy via photosynthetic organisms is the 

foundation of life on earth. Given its ubiquity and utility, considerable efforts are underway to realize 

efficient “artificial” photosynthesis(1-3) that harnesses solar energy for the production of chemical fuels 

such as hydrogen (H2) to meet the energy consumption needs of humans.(4) The inherent thermodynamic 

driving forces combined with reaction overpotentials(5) make it difficult to form chemical bonds with the 

energy of a single photon that is typically absorbed by photosynthetic chromophores.(6) Nature circumvents 

this limitation by using a Z-Scheme (Figure 1, left) which combines the energies of two independent light 

absorption events to drive chemical bond breaking/making.(7, 8) 

For both natural and artificial photosynthetic systems, there are stringent thermodynamic 

requirements that must be met for chemical fuels generation. For example, the minimum energy required 

to generate H2 from a weak acid is dependent on the pKa of the acid (pKa,HA) as described in equation 1:  

𝐸𝐻𝐴
𝑜 = 𝐸𝐻+

𝑜 −
2.303𝑅𝑇

𝐹
p𝐾𝑎,𝐻𝐴     (1) 

where E°HA is the reduction potential of the weak acid in its ground-state, E°H+ is the thermodynamic 

potential required to reduce a proton in a given solvent, R and F are the gas and Faraday’s constants 

respectively, and T is the temperature.(9) Consequently, the thermodynamic minimum for the reduction of 

weak acids in acetonitrile solution is between -0.3 to -1.5 eV versus the saturated calomel electrode (SCE). 

Furthermore, experimental results consistently show that an additional overpotential energy between 0.1 

and 1.0 eV are necessary,(5, 10) even for platinum metal catalysts.(9, 11) Thus, Z-schemes require photon 
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energies much greater than the thermodynamic reduction potentials in order to achieve H2 production at 

reasonable rates.(4) Designing a catalytic H2 generation scheme that efficiently exploits excited-state 

electron transfers for the reduction event could minimize reaction overpotentials and would represent a 

breakthrough in solar energy conversion.(12)  

There has been progress in developing Z-schemes for artificial photosynthetic systems using a 

variety of approaches including multijunction solar cells, quantum dots, and tandem dye-sensitized 

photoelectrosynthesis cells.(13-20) These artificial Z-schemes are composed of inorganic (i.e. 

semiconductor based) light absorbing/charge transport materials and often require additional, optically 

inactive, transition metal catalysts to perform the bond breaking/making reactions. While the transition 

metal catalysts are used to help minimize reduction overpotentials, overpotentials of > 0.1 eV are still 

commonly observed.(13) Judicious construction of the systems is also necessary to ensure proper charge 

transfer and redox reactivity. To date, however, a fully molecular based artificial Z-scheme for converting 

solar energy to chemical bonds has yet to be realized.  

 
Figure 1. A simplified depiction of the natural photosynthetic Z-scheme (left), and the molecular Z-

scheme reported here (right). TEOA = triethanolamine, HA = weak acid. 

 

Here we show that upon excitation of both a photocatalyst (PC) and an aryl alcohol (ROH) in the 

presence of a sacrificial electron donor and a proton source results in the photocatalytic generation of H2. 

The proposed dual catalytic cycle consists of reduction of excited state PC (PC* + e- → PC-), electron 

transfer from PC- to the excited ROH (PC- + ROH* → PC- + ROH-), followed by the production of H2. 

Regeneration of ROH can also be achieved with phenol (PhOH) as the sacrificial proton source (RO- + 

PhOH → ROH + PhO-). This “molecular Z-scheme” (Figure 1, right) circumvents the thermodynamic and 

overpotential constraints associated with reduction of weak acids in their ground-state and offers a new 

paradigm for the conversion of light energy into H2 bond energy.  

Results and Discussion 

To realize a molecular Z-scheme, 7-bromo-2-naphthol (ROH) was chosen as a photon-absrobing 

aryl alcohol proton source due to its long-lived triplet excited state (3ROH* = 15 s; Figure S4) that enables 

diffusion limited, bimolecular reactions.(21) Also, in the ground state, ROH has a relatively high reduction 

potential (Eo
red = -1.39 V vs SCE in MeCN) and is only weakly acidic (pKa = 27.9 in MeCN) such that it is 



unfavorable for direct reduction of ROH to ROH- and/or H+ to H2 by common reduction photocatalysts (see 

SI for more details). Ir(dF-CF3-ppy)2(dtbpy)+, where dF-CF3-ppy is 2-(2,4-difluorophenyl)-5-

(trifluoromethyl)pyridine and dtpby is 4,4′-tertbutyl-2,2′-bipyridine, was chosen as the photocatalyst (PC) 

due to its long triplet excited-state lifetime (3PC* = 2.2 s; Figure S5) and its excited-state oxidation 

potential is thermodynamically below the reduction potential of the ground state of ROH.(22) Lastly, 

triethanolamine (TEOA) was used as the sacrificial electron donor because its potential is favorable for the 

reduction of 3PC* but not 3ROH*.  

With system design in hand, broadband irradiation of an MeCN solution containing 100 mM ROH, 

150 mM TEOA, and 2.5 mol% PC (0.07 mmols) for six hours resulted in 0.16 mmol of H2 corresponding 

to a turnover number (TON) of 4.5 and 0.1 for the PC and ROH, respectively. While these initial TONs are 

modest, the results confirm the ability of the system to photocatalytically produce H2, with respect to the 

PC, without the need for an additional, optically transparent, transition metal catalyst to promote the 

hydrogen bond making reaction.(23)  

To investigate the mechanism of this reaction, a series of control experiments were performed, and 

the results are summarized in Table 1. Three different light conditions were used 1) broadband light (200-

700 nm) capable of exciting both PC and ROH, 2) blue light (400-500nm) that can excite PC but not ROH 

(Figure S6), and 3) in the dark where no photoexcitation is occurring. Only with broadband light capable 

of exciting both the PC and ROH was a measurable quantity of H2 observed (entry 1, Table 1). The lack of 

H2 generation under blue light (entry 2) and in the dark (entry 3) implies that both the PC and ROH must 

be excited for the reaction to occur.  

Table 1. Summary of various reaction conditions and the resulting quantity of H2.a 

Entry 

Reaction Condition   Product Outcome 

[PC] 

(mM) 

[ROH]

(mM) 

[TEOA]

(mM) 
Lightb Other  mmol H2

c TONPC
d TONROH

e 

1 2.5 100 150 Broadband -  0.16 4.5 0.1 

2 2.5 100 150 Blue -  0 0 0 

3 2.5 100 150 - -  0 0 0 

4 2.5 100 - Broadband -  0 0 0 

5 - 100 150 Broadband -  0 0 0 

6 - 100 - - 100 mM PC-  0 0 0 

7 - 100 - Broadband 100 mM PC-  0.42 0.3 0.3 

8 2.5 - 150 Broadband  -  0.03 0.9 N/A 

9 - 100 - - 3.08 mM K  0.95 N/A 0.7 

10 2.5 - 150 Broadband 100 mM MCA   0.06 1.6 N/A 

11 2.5 10 150 Broadband 100 mM PhOH  1.50 42.9 10.7 

12 2.5 - 150 Broadband 100 mM PhOH  0.08 2.3 N/A 
aReaction vessel contained 28 mL of acetonitrile and 3.5 mL of N2 purged headspace. b450W Hanovia Hg lamp (Broadband) 

or 34 W Kessil H150 (Blue). cAll reactions performed in at least duplicate and mmol of H2 are reported with ±5% accuracy. 
dTON with respect to PC. eTON with respect to ROH. 

 

Selective removal of TEOA (entry 3) or PC (entry 4) resulted in no measurable quantities of H2 

suggesting that PC* and its reduction product by TEOA (i.e. PC-) are necessary events in the catalytic 

solution. To gain further insights into the role of PC- and ROH, PC- was prepared by chemical reduction 



with potassium and then stirred with ROH in the dark for 6 hours (entry 6). GC analysis showed no H2 

production suggesting that PC- does not reduce ground-state ROH or produce H2 directly. However, a 

mixture of PC- and ROH under broadband irradiation for 6 hours resulted in similar H2 production (TONROH 

= 0.3, entry 7) to the complete reaction ( TONROH = 0.1, entry 1). In addition, electrochemical measurements 

using an indium tin oxide electrode modified with PC(24) under reducing bias (-0.4 V vs. SCE) gave 

minimal photocurrent response (<10 A) (Figure S7). Upon the addition of ROH, however, switchable 

photocurrents of >15 A were observed indicating that ROH* can serve as an electron transfer relay in the 

electrolyte solution (i.e. PC- + ROH* → PC- + ROH-). Collectively these results suggest that the formation 

of PC- and photoexcitation of ROH are necessary for H2 production in this catalytic system.  

As an aside, it is worth noting that a small but measurable amount of H2 was produced from a 

solution containing just PC and TEOA (i.e. without ROH, entry 8). This H2 production most likely occurred 

from chemical decomposition of the oxidized TEOA.(25) This is an important observation because TEOA 

is a commonly used sacrificial electron donor in photocatalytic H2 producing systems,(26) however we 

were unable to find a report that considered TEOA as a source for H2. Regardless, in the current study, the 

amount of H2 from TEOA was negligible compared to the system containing PC- and ROH* indicating that 

TEOA is not necessary for the production of H2. 

We envisioned two possible pathways for the photocatalytic generation of H2 from PC- and ROH*: 

the reduction of ROH* by PC- to generate ROH-, followed by H2 production (eq 2) or the generation of 

acidic protons by ROH* (eq 3) that are then reduced by PC- (eq 4). 

2ROH* + 2e- → 2ROH- → H2 + 2RO- (2) 

2ROH* → 2RO- + 2H+   (3) 

           2H+ + 2e-  
→  H2                       (4) 

To investigate a possible bimolecular reaction between ROH- molecules to generate H2, ROH was 

chemically reduced with potassium metal (Table 1, entry 9) and significant H2 production (0.95 mmol) was 

observed with the primary organic product being RO- (Figure S9). This corresponds to a nearly 70% 

conversion of the protons from ROH to H2. Furthermore, kinetic studies under chemical reduction 

conditions showed that H2 production scaled linearly with the concentration of ROH to the second power, 

consistent with a second order reaction with respect to ROH. Electrochemical reduction of ROH was also 

monitored with UV-visible absorption spectra, and a clear isosbestic point for the conversion of ROH to 

RO- (Figure S8) was observed. This result indicates that the bimolecular reaction that generates H2 is rapid 

in comparison to the experimental time frame as ROH- was not observed. These experiments are consistent 

with the mechanism proposed in equation 1, but do not necessarily rule out the photoacid mechanism shown 

in eq 3 and 4.  

Naphthol and its derivatives are known transient photoacids with notably increased acidities in the 

excited state.(27) Following excitation and 3ROH* formation, the pKa of ROH decreases from 27.9 (in 

MeCN) to 16.4 as determined from a Förster cycle analysis (see SI for details).(28-30) This transient acidity 

increases the H+ concentration in solution (eq 2) which could be followed by the reduction of H+(eq 3). To 

test the role of solution acidity in H2 production, chloroacetic acid (MCA, pKa = 15.3) was used as a 

surrogate for 3ROH*. Under standard reaction conditions 0.06 mmol H2 was produced from 100 mM MCA 

(entry 10), which is nearly three-fold lower than the solution containing ROH (entry 1). It is important to 

note that the effective concentration of 3ROH* is <0.1 mM because it is limited by photon flux and the 

excited state lifetime, and thus the H+ concentration for a solution containing 100 mM ROH is many orders 

of magnitude lower than for 100 mM MCA. Consequently, the low H2 production from MCA indicates that 



solution acidity plays a minimal role in H2 production from the catalytic solution. Instead, ROH* is acting 

as an electron acceptor/shuttle which then facilitates H2 formation via a bimolecular reaction between ROH- 

(eq 1). This observation opens interesting opportunities for aryl alcohol molecules to serve as the chemical, 

electrochemical, and/or photochemical catalysts for the production of H2.  

 It is worth note that the catalytic production of H2 from excitation of a brominated naphthol 

containing solution has been observed before.(29) In that report, the authors proposed that the excited state 

photoacidity of 6-bromo-2-naphthol was sufficient to protonate a well-known cobalt-diglyoxime secondary 

catalyst, followed by H2 generation.(31, 32)  However, their “anomalously large” rate constant for the 

proposed protonation(29) and the results above suggest that reduction of excited 6-bromo-2-naphthol by 

CoI-diglyoxime followed by H2 generation may have been an operable reaction mechanism in their study.  

Collectively the above results are consistent with the energy level diagram depicted in Figure 2. 

Photon absorption by PC is followed by reductive quenching of 3PC* by TEOA to generate PC- ([1] in 

Figure 2). A photon is also absorbed by ROH, and the resulting 3ROH* is reduced by PC- [2]. ROH- 

molecules then undergo a rapid bimolecular reaction to generate H2 and RO- [3]. Electron transfer events 

4-6 in Figure 2 are thermodynamically unfavorable and not observed. The net reaction is the reduction of 

ROH by TEOA to generate H2, which cannot occur in the ground-state or by ROH excitation alone. The 

reaction is made energetically accessible via the excitation of both PC and ROH, analogous to the Z-scheme 

of photosynthesis. This cooperative strategy puts less energetic restrictions on the catalyst and light 

harvesting components enabling new design strategies for solar fuels formation.  

  
Figure 2. Energy level diagram for TEOA, PC, and ROH with energetically 

favorable and unfavorable processes depicted by blue and red arrows, 

respectively. Excited state potentials are for triplet excited states (i.e. 3PC* and 
3ROH*).  

 

As described above, irradiation of a solution containing PC, ROH, and TEOA results in the 

photocatalytic production of H2 and RO-. That reaction, however, is only catalytic with respect to PC, and 

not ROH, and will stop when ROH is consumed. To regenerate ROH during the catalytic reaction, phenol 

(PhOH) was added as a sacrificial proton source. Broadband irradiation of an acetonitrile solution 



containing 2.5 mM PC, 10 mM ROH, 100 mM PhOH, and 150 mM TEOA resulted in the formation of 1.5 

mmols of H2 which corresponds to a TON of 42.9 with respect to the PC and 10.7 with respect to ROH 

(Table 1, entry 11). Removal of ROH from the reaction (entry 12) resulted in a nearly 20-fold decrease in 

H2 indicating that PhOH is not solely responsible for the H2 increase, and 3ROH* is needed for high H2 

production.  Thus, upon regeneration, ROH becomes both a proton shuttle and a photocatalyst in the 

reaction. 

The pKa of PhOH(9) and ROH in MeCN are 27.2 and 27.9, respectively. Consequently, the acid-

base equilibrium constant (equation 5) indicates that PhOH to RO- proton transfer is favorable.    

RO- + PhOH ⇌ ROH + PhO-  Keq = 5.0  (5) 

Furthermore, 1H NMR spectra of a solution containing RO- and PhOH shows the formation of ROH and 

confirms that PhOH can protonate RO- (Figure S9-11). This regeneration step closes the catalytic cycle 

with respect to ROH and results in a dramatic increase in TONROH. The regeneration of ROH from RO- 

may also prevent homoconjugation between ROH and its conjugate base (RO-…H-OR), an interaction that 

is known to impede catalytic H2 generation.(33, 34)  

The proposed photocatalytic mechanism for the production of H2 from a solution of PC, ROH, 

TEOA, and PhOH is shown in Figure 3. This reaction generates H2 from the relatively unreactive TEOA 

and PhOH, a thermodynamically unfavorable process by 2.65 eV, but is enabled by the additive effects of 

two independent excitation events in a dual catalytic Z-scheme. Furthermore, the highest energy electron 

generated (ROH-) has an energy of only 0.04 eV above the thermodynamic potential required to reduce 

PhOH. Thus, this molecular Z-scheme minimizes the overpotentials associated with catalytic H2 

production. 

 
Figure 3. Proposed mechanism for the catalytic generation of H2 from PhOH and TEOA in molecular 

Z-scheme consisting of two independent light absorption cycles. 

 

Further support for the mechanism in Figure 3 is provided by transient absorption spectroscopy 

(TA); the key results are shown in Figure 4. Two different excitation wavelengths were used: 375 nm for 

the excitation of PC and 335 nm for excitation of both PC and ROH (Figure S6).  



Upon 375 nm excitation of a MeCN solution containing only PC and TEOA (Figure 4a), there is a 

rapid (<1 s) decrease in the 3PC* feature (425-500 nm, Figure S5) followed by the formation of a 

structured absorption spectra resembling that of the chemically generated PC- via reduction with potassium. 

This is consistent with the previously reported reductive quenching reaction, 3PC* + TEOA → PC- + 

TEOA+, that occurs with a near diffusion limited Stern-Volmer quenching constant of 7 × 108 M/s (Figure 

S15).(22)  The resulting PC- lifetime is significantly longer than our acquisition time window (>1 ms). In 

contrast, the excited state decay of 3ROH* (  15 s) was unperturbed by the addition of TEOA.  

For an acetonitrile solution containing just PC and ROH, excitation of only the PC at 375 nm 

(Figure 4b) resulted in a TA spectral shift consistent with the 3PC* to ROH triplet energy transfer with a 

Stern-Volmer quenching constant of ~8 × 109 M/s (Figure S16). Importantly, in Figure 4b there are no 

indications of the formation of PC+/PC- or an increased rate of 3ROH* decay (375-475 nm) demonstrating 

that no redox events are occurring and that 3PC* to ROH energy transfer is the only excited state interaction 

upon sole excitation of the PC. Excitation of both PC and ROH at 335 nm (Figure S17) resulted in a similar 
3PC* to 3ROH* spectral evolution, but with a larger initial contribution from 3ROH* (max  440 nm) from 

direct excitation of ROH. Interestingly, although this triplet sensitization mechanism (dashed line in Figure 

3) is competitive with the formation of PC-, it is still a productive pathway as it also generates the reactive 
3ROH* species.  

In a solution containing PC, ROH, and TEOA, 335 nm excitation was again followed by the rapid 

disappearance of 3PC* feature, but now with the sustained presence of PC- and 3ROH* spectral signatures 

(Figure 4c) consistent with the mechanistic steps at the top of the catalytic cycles in Figure 3. Similar results 

were observed with 375 nm excitation (Figure S18) presumably through the triplet sensitization mechanism 

(the dashed line in Figure 3). Concomitant decay for PC- (max  370 nm) and 3ROH* (max  440 nm) 

occurs with a lifetime of ~10 s which is faster than the intrinsic decay of PC- ( >1 ms) and 3ROH* (  

15 s) suggesting a cooperative decay mechanism. Based on the results above, we attribute this cooperative 

decay to reduction of 3ROH* by PC-. We observed no spectral features that would be indicative of ROH- 

formation, which is also consistent with the electrochemical reduction of ROH where H2 generation was 

the rapid step.  

 

 
Figure 4. Transient absorption spectra of a) PC and TEOA (1:10; ex = 375 nm) with 3PC* (at 5 ns) 

in blue and the chemically generated PC- spectrum in orange, b) PC and ROH (1:10; ex = 375 nm) 

with 3PC* and 3ROH* (at 5 ns) in blue and red, respectively, and c) PC, TEOA, and ROH (1:20:10; 

ex = 335 nm) in MeCN. Time slices progress from green to black at 0.005, 0.5, 1.0, 2.0, 5.0, 10.0, 

100, and 1000 s. 

 



Collectively, these spectroscopic results are consistent with the mechanism in Figure 3 which was 

proposed based on the experiments in Table 1 and the electrochemical data. The spectroscopic studies also 

indicate that 3ROH* generation via 3PC* sensitization can occur, effectively making this a tri-catalytic 

reaction solution but with the sensitization process being redundant and less efficient than direct excitation 

of ROH. Nonetheless, with sufficient blue photon flux we anticipate that H2 generation could occur via the 
3PC* to ROH triplet sensitization step, but minimal H2 was observed under our excitation conditions (35 

W blue LED).  

Conclusions 

Here we report the realization a molecular Z-scheme for the photocatalytic production of H2. This solar 

fuels generating reaction is achieved by concurrent excitation of a molecular photocatalyst and an aryl 

alcohol in the presence of an amine electron donor and a phenol proton source. A series of chemical and 

electrochemical control reactions support a dual catalytic mechanism that exploits two excited-state 

electron transfer reactions involving the photocatalyst and aryl alcohol, with the net reaction being reduction 

of phenol by triethanolamine to generate H2. Transient absorption measurements further support this 

proposed mechanism and give evidence for a third catalytic cycle involving triplet energy transfer from the 

photocatalyst to the aryl alcohol. In addition to being a first of its kind, an entirely molecular artificial Z-

scheme, this system operates under remarkably low reaction overpotentials (≤ 0.04 eV), thus illustrating 

the advantages of utilizing aryl alcohols for light absorption and proton reduction. This system represents 

not only a new paradigm for the conversion of light energy into chemical bond energy, but also for the use 

of aryl alcohol photocatalysts for the production of H2.  
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