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Ethanol as a Hydrogen Carrier with a Value-Added Co-Product 
Andrew R. Rander,a Shayna R. Kohl,a Valeriy Cherepakhin,a Long Zhang,a Van K. Do,a Hanna 
Breunig,b and Travis J. Williams*a

Traditional liquid organic hydrogen carriers (LOHCs) rely on 
return/re-charge of the carrier and financial subsidy, we show 
here that ethanol, available at scale from fermentation, can be a 
revenue-positive hydrogen carrier, owing to the value of its 
potassium acetate co-product, itself an emerging fertilizer. 

High efficiency liquid organic hydrogen carriers (LOHCs) are an 
essential link in H2 storage, because they enable storage 
densities superior to the parent compressed gas and are easy 
to transport. Traditionally, the spent fuel that results from H2 
release from a 2-way carrier is then transported to a source of 
low-cost hydrogen for re-charge. Commercialization of this 
concept has seen the use of functionalized toluenes; however, 
these only operate with financial subsides.1 While ethanol to 
ethyl acetate has been demonstrated as a 2-way hydrogen 
carrier that releases one equivalent of H2 per ethanol,2 we 
reexamine ethanol here, contemplating a 1-way carrier 
strategy that produces two equivalents of H2 and potassium 
acetate, an advantageous, emerging fertilizer.

Potassium acetate, a high value agrochemical, has emerged 
as a superior source of potassium for plants, with a market 
projected to reach $290.66 million by the end of 2030.3,4 Thus, 
we see ethanol as a 1-way H2 carrier that is “self-subsidizing” 
by the value created in its dehydrogenated co-product; in fact 
at present pricing the value increase is ca. 4x. Incumbent 
technologies for potassium acetate manufacturing involve 
multi-step syntheses, including the Monsanto or Cativa 
process, relying on a homogeneous rhodium or iridium 
catalysts respectively to affect the carbonylation of methanol 
derived from petrochemical sources.5 

While a direct catalytic ethanol-to-acetate process is a 
straightforward extension of known alcohol-to-carboxylate 
dehydrogenation methods,6–13 such reactions typically require 
a high boiling co-solvent and pressurized systems have never 
been developed. Further, process commercialization would 

also require scalable, high turnover, solvent-free conditions 
and a pressure tolerant catalytic system enabling separation of 
H2 gas and solid KOAc; technology which has not been 
introduced. Selectivity also frustrates alcohol dehydrogenation 
catalysts: while several examples of catalytic ethanol 
dehydrogenation form the Tishchenko product, ethyl acetate, 
or the Guerbet product, 1-butanol; none focus on the 
dehydrogenation subsidizing the production of hydrogen with 
the carboxylate.2,9,13–21 We, therefore, see a need to introduce 
dehydrogenation of ethanol to potassium acetate with the 
ability to self-pressurize the produced hydrogen for on-
demand hydrogen production.  

Based on our group’s work with iridium chelates for the 
dehydrogenation of formic acid,22–24 we screened complex 1 
(Figure 1) at 0.01 mol% in neat ethanol with an excess of 
potassium hydroxide. 1H NMR confirms acetate production 
after a 24-hour reaction. Complex 1 (CCDC 1415049) and its 
ruthenium congener (3; CCDC 1510912)25 both perform 
modestly with the acetate yields of 24% and 40%, respectively 
(Table 1, entries 1 and 2). NMR suggests that 3 has greater 
selectivity than 1, as the latter contained Guerbet products 
such as 2-ethyl-1-butanol while the former contains only 
product and trace butyrate (see ESI).

We screened a group of compounds (Figure 1) as catalysts 
in the ethanol dehydrogenation (Table 1). The reaction was 
conducted between ethanol and KOH·½H2O (1:1) in boiling 
toluene for 42 h with 0.1 mol% catalyst. 1H NMR analysis of the 
products consistently shows acetate (1.90 ppm), formate (8.56 
ppm), and butyrate ions (2.13 ppm). Quantitative 1H NMR (vs. 
internal DMF standard) and acid-base back titration provide 
the molar distribution of the carboxylates and the conversion 
of KOH. Several complexes (entries 1−4, 6−9, 13−17) 
performed poorly generating less than 40%.22,25–31 Complexes 
2−3, 16−17, and 19 produced large portions of formate, 
apparently generated by decarbonylation of an intermediate 
acetaldehyde; ruthenium(II) complex 16 prefers this pathway 
(8:1, formate to acetate).25–27 The complexes that afforded the 
highest yields of acetate are ruthenium-based (entries 5, 
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10−12, 70−90%).21,32,33 For example, we designed 5 based on 
the known efficiency of NHC-ligated iridium dehydrogenation 
catalysts, which maintain both good reactivity for H2 

abstraction while remaining resistant to deactivation.34 
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Figure 1:  Compounds tested as ethanol dehydrogenation catalysts.

Pincer complexes 10−12 show promising reactivity (entries 
10−12); we attribute the advantage of 10 over 12 to the known 
lability of the borohydride ligand to facilitate catalyst initiation. 
21,31,32 Finally, we measured the performance of 10 and a series 
of manganese(I) and iron(II) PNP-pincer complexes 18−23 
(entries 18-23), which are known to catalyze alcohol 
dehydrogenation and hydrogen borrowing reactions.35–40 
Despite being derived from the earth-abundant metals, 
complexes 18−23 show inferior activity (TOF = (1−5)×10–3 s–

1)compared to their ruthenium congener 10 (TOF = 1.3 s–1). 35–

40 Unlike 10, these also suffer from photosensitivity (19) and 
hydrolysis (21) making them unfit for the practical use.20,40 Of 
all of the catalysts we screened, 23 returned the highest 
portion of butyrate, apparently through a Guerbet pathway. 
We had previously suggested that the ruthenium metal center 

is of upmost importance in catalytic dehydrogenation 
efficiency which is consistent with our findings.7,20

We selected catalyst 10 to proceed to optimize conditions 
(Table 2) due to its rate and selectivity. We found that 
reducing the KOH loading to 0.5 eq or less suppresses the side 
processes and increases the acetate yield to 99% (entries 5 and 
6). Furthermore, we showed that a high yield of acetate (96%) 
is attainable in neat ethanol at 80 oC (entry 7). By contrast, we 
observe (1H NMR) that operating the reaction in excess base 
lowers yields and compromises purity. These observations 
point to an operational scenario of slow addition of 
ethanol/hydroxide solution in a continuous process. 

Table 1: Catalyst screening[a]

Anions (mol%) [c]

Entry Catalyst
Acetate 

(%) [b] OH– Formate Acetate Butyrate
1 1 10 76 2 22 0
2 2 29 63 22 15 0
3 3 26 60 12 27 1
4 4 37 71 0 28 < 1
5 5 87 18 3 79 0
6 6 18 58 1 40 < 1
7 7 7 80 1 19 0
8 8 19 71 1 28 0
9 9 1 63 2 35 0

10 10 80 5 3 90 1
11 11 75 21 7 71 1
12 12 68 14 3 83 0
13 13 14 66 0 32 2
14 14 17 73 1 26 0
15 15 12 87 1 11 < 1
16 16 7 64 32 4 0
17 17 24 56 25 19 0
18 18 26.5 51 < 1 49 < 1
19 19 7 61 4 39 2
20 20 66 52 2 47 < 1
21 21 8 70 4 30 < 1
22 22 15 83 3 20 < 1
23 23 9 69 3 31 5

[a]Conditions: catalyst, KOH·½H2O (0.56 g, 9 mmol), ethanol (0.92 g, 20 mmol), 
and toluene (10 mL) were heated at reflux (oil bath, 120 oC) under N2 for 42 h. 
[b]Determined by 1H NMR using DMF as an internal standard. [c]Determined by 
acid-base back titration and 1H NMR.

Gas compression costs can contribute to 80% of hydrogen 
delivery costs,41 depending on the application, and the entropy 
of dehydrogenation can supply this pressure cost-free.23 We 
thus investigated self-pressurizing conditions for our reaction. 
While complex 10 delivers a modestly lower yield of (74%) 
when run under self-pressurizing conditions (Table 3, entry 4), 
complex 1 demonstrates improved performance under self-
pressurizing conditions, achieving 67% yield (entry 1) 
compared to 24% yield under ambient conditions.

We’ve previously shown that 1 activates to a multi-metal 
cluster via carbonylation, which is facilitated by 

OH + KOH + 2H2
Catalyst (0.1 mol%)

OK

O

toluene, 120 oC
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pressurization.23 Similar trends appear when varying the ratio 
of reactants at pressure as seen under ambient conditions 
(entries 4 and 5): decreasing the concentration of hydroxide 
resulted in 98% yield of acetate in a reaction of 10. Further, 
conditions with six equivalents of ethanol to hydroxide 
resulted in 98% yield, demonstrating that co-solvent is 
unnecessary. With high yielding conditions, we turned to 
determine the efficiency of selected catalysts at increased 
scale (see ESI). Over the course of several months, 10 and 1 
were each allowed to react on a 10-gram (KOAc) scale under 
our optimized ambient pressure, batch reaction conditions.

Table 2:  Ethanol dehydrogenation with catalyst 10 under 1 atm[a]

Entry KOH (eq.)
10 (mol% vs. 

EtOH)
Carboxylates 

(mol%)[b]

Acetate 
(%)[c]

1 1.97 0.13 48 27
2 1.32 0.09 47 18
3 0.95 0.10 95 77
4 0.74 0.10 98 73
5 0.49 0.10 99 94

6[d] 0.14 0.02 96 87

[a]Conditions: 10, KOH·½H2O, ethanol (0.92 g, 20 mmol), and toluene (10 mL) 
were heated at reflux (oil bath, 120 oC) under N2 for 42 h. [b]Determined by acid-
base back titration. [c]Determined by 1H NMR. [d]Conditions: 10, KOH·½H2O, and 
ethanol (5.53 g, 120 mmol) were heated at reflux (80 oC) under N2 for 42 h.

Through three reactions using the same catalytic mixture, 10 
showed 55,000 turnovers without loss of reactivity (See ESI 
Table S4). 1 delivered 168,000 turnover numbers over one 
three-month reaction, similarly without deactivation (See ESI 
Table S5). Catalyst 10 and 1 can be recovered and reused 
through several directed cycles presaging the use of a 
continuous operation reactor.

The mechanism of alcohol dehydrogenation with 
ruthenium Noyori type catalysts is well known.21,42–48 System 
10 appears to conform: the deprotonation of NH and 
dissociation of BH4

– give the active catalyst 10a (Scheme 1).41, 

42,44–46Analysis of the post-catalytic mixture suggests the 
presence of two complexes 10b and 10c (89% yield 
combined).49 These are fac- and mer-[(PNP)RuH2(CO)] 
featuring  hydride signals at δH = −6.64 ppm (10b), and  −5.77, 
−5.88 ppm (10c). The 31P{1H} NMR contains signals at δP = 
70.11 ppm (10c) and 60.45 ppm (10b) with no shared 
correlations in the 1H-31P HMBC.

Table 3:  Ethanol dehydrogenation under self-pressurizing conditions[a]

Entry Catalyst
EtOH
(eq.)

Time
(h)

Final pressure 
(bar)

Carboxylates 
(mol%)[b]

Acetate 
(%)[c]

1 1 1 45 8 67 64
2 1 2 25 6 50 28
3 5 1 47 9 66 70
4 10 1 45 9 74 82
5 10 2 45 14 98 95

6[d] 10 6 68 26 98 >99

[a]Conditions: catalyst (0.1 mol% vs. ethanol), KOH·½H2O (1.92 g, 29.5 mmol), 
ethanol, and toluene (10 mL) were heated in a 125 mL Parr reactor at 120 oC. 
[b]Determined by acid-base back titration. [c]Determined by 1H NMR. [d]Conditions: 
10 (13 mg, 0.04 mol% vs. KOH), KOH·½H2O (3.7 g), and ethanol (16 g) were 
heated in the Parr reactor at 120 oC.

Both compounds have the identical mass (m/z = 572 Da, 
MALDI)50 and elemental composition. A 1H{31P} experiment 
(see ESI) shows interconversion between 10c and 10b, 
appropriate for respective mer- and fac- isomers. Complexes 
10b and 10c are both active in the ethanol dehydrogenation. 
Interestingly, 10b and 10c are not stable to chlorinated 
solvents: a known dichloro derivative 10d (δP = 48 ppm)49 is 
formed within a few days in dichloromethane. Heating the 
reaction mixture past ethanol consumption results in further 
derivatization of 10b and 10c. MALDI suggests formation of a 
previously characterized diruthenium complex 10e (m/z = 
1141.63 Da).45 Its formation can be seen as a base-induced 
tautomerization of 10a, followed by insertion of Ru(0) to one 
of the phenyl-phosphorus bonds.
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Scheme 1:  Derivatization of 10 under the ethanol dehydrogenation conditions.

While some estimate negative carbon impact of ethanol as 
a gasoline additive, we calculate positive carbon impact in its 
use as a hydrogen carrier. Steam methane reforming (SMR) for 
H2 production generates 11.9 kgCO2-eq/kg-H2. As corn or 
soybean production for ethanol or glycerol (via biodiesel), 
respectively, requires fertilizer and energy for conversion, the 
hydrogen generated from these carriers will have a carbon 
intensity. If 2 equivalents of H2 are liberated, and the carbon 
intensity of manufacturing ethanol is 51.4 gCO2-eq/MJ, the 
minimum carbon intensity of H2 would be 8.03 kg-CO2/kgH2 
without the production of co-products. The process emits 
biogenic CO2 along with H2, which in our case would eventually 
be emitted upon the use of the acetate co-product. Allocation 
of emissions between H2 and coproducts can be done based 
on mass, energy content, or economic value: with a 1 to 41 
weight ratio of H2 to sodium acetate, mass allocation would 
result in a carbon intensity of 0.09 kgCO2/kgH2. For 
perspective, wind-powered electrolysis has a carbon intensity 
of 0.6 kgCO2/kgH2 assuming an electricity emission intensity of 
11 g/kWh.51

The power of our reaction is the ability to produce pure H2 
with a coproduct whose value can negate production costs. 
The vast majority of hydrogen sold today is produced from 
non-renewable, hydrocarbon streams with only 4% of global 
hydrogen being considered “green hydrogen” typically 
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produced by electrolysing water, which still faces challenges of 
gas separation, selectivity, and metal cost.52 Furthermore, the 
largest electrolysis units are owned and operated by the 
agrochemical industry,52 a sector with a need for pure 
hydrogen and an efficient fertilizer production. While our 
method addresses both, its H2 product is not “green” 
according to the electrolysis-based definition. Hydrogen 
derived from biomass is not classified in the current colour 
definition, so we refer to ours as “clear” hydrogen, submitting 
this as a suitable designation for hydrogen derived from 
biomass. 

In sum, we have demonstrated the first direct one-pot 
synthesis of potassium acetate from neat ethanol, providing 
two equivalents of H2, potentially at pressure, and a 
biologically advantageous fertilizer. The strategy obviates co-
products, CO and CO2, associated with formic acid and 
methanol dehydrogenation, 53–57 and eliminates nearly 99% of 
the carbon intensity of ethanol-based H2 available for other 
methods. Several catalysts are effective for the reaction, with 
each offering useful features for use cases requiring pressure, 
longevity, or both. Popular Ru-MACHO systems are particularly 
attractive, and we show their speciation under ethanol 
dehydrogenation conditions. Overall, favorable carbon impact, 
yield, and selectivity of the system makes ethanol a very 
attractive 1-way liquid hydrogen carrier.
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